
THE UNIVERSITY OF CHICAGO 

 

 

DEFINING THE PATHOGENESIS OF DEL(7q) IN HEMATOPOIETIC STEM CELLS 

 

 

A DISSERTATION SUBMITTED TO 

THE FACULTY OF THE DIVISION OF THE BIOLOGICAL SCIENCES 

AND THE PRITZKER SCHOOL OF MEDICINE 

IN CANDIDACY FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

 

INTERDISCIPLINARY SCIENTIST TRAINING PROGRAM: 

CANCER BIOLOGY 

 

 

BY 

MATTHEW RICHARD MANUEL JOTTE 

 

 

 

CHICAGO, ILLINOIS 

AUGUST 2024 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright © 2024 by Matthew Jotte 

All rights reserved 



 iii 

 

 

 

 

 

 

 

 

 

 

For Amanda 

  



 iv 

TABLE OF CONTENTS 

LIST OF FIGURES .................................................................................................. vi 

LIST OF TABLES .................................................................................................. viii 

ACKNOWLEDGEMENTS ........................................................................................ ix 

PREFACE ............................................................................................................... xi 

ABSTRACT ........................................................................................................... xii 

CHAPTER 1: INTRODUCTION ................................................................................ 1 

Aneuploidy in human tissues .................................................................................................... 1 
Aneuploidy in cancer ................................................................................................................. 4 
Chromosome 7 deletions in hematopoietic malignancies ....................................................... 10 
Clonal hematopoiesis and chromosome 7 alterations ............................................................ 13 
Chromosome 7 tumor suppressor genes ................................................................................ 16 
CUX1 ................................................................................................................................................. 17 
EZH2 .................................................................................................................................................. 19 
KMT2C and KMT2E ........................................................................................................................... 23 
Additional candidate 7q TSGs ........................................................................................................... 25 
7p genes ............................................................................................................................................ 26 

7q as a contiguous gene syndrome region ............................................................................. 27 
Modeling aneuploidy ............................................................................................................... 28 
Critical knowledge gaps to be addressed ............................................................................... 30 

MATERIALS AND METHODS ................................................................................. 36 

RESULTS: DEFINING THE PATHOGENESIS OF DEL(7q) IN HEMATOPOIETIC STEM 
CELLS ................................................................................................................... 50 

Introduction ............................................................................................................................. 50 
In silico data mining identifies chromatin modifiers as candidate 7q genes modulating drug 
resistance ................................................................................................................................ 52 
CRISPR RNP transfection achieves high-efficiency knockout in HSPCs ............................... 53 
Combined Cux1 and Ezh2 deficiency promotes hematopoietic expansion after exposure to 
alkylating agents ..................................................................................................................... 55 
Multiplex knockout of 7q genes in HSPCs indicates that combined Cux1 and Ezh2 deficiency 
is the main driver of expansion after chemotherapy exposure ............................................... 61 
Individual mice inform the consequences of multiple 7q gene loss on clonal expansion ....... 63 
Kmt2c loss associates with but does not drive expansion of Ezh2- or Cux1;Ezh2-deficient 
clones ...................................................................................................................................... 72 
CUX1;EZH2 deficiency promotes resistance to the myeloid neoplasm therapeutic 
daunorubicin ........................................................................................................................... 75 
Cux1;Ezh2-deficient cells have an abrogated DNA damage response after genotoxic stress 
 ................................................................................................................................................ 88 
Discussion ............................................................................................................................... 95 



 v 

DISCUSSION ....................................................................................................... 109 

Overview ............................................................................................................................... 109 
Combined CUX1;EZH2 loss confers a competitive advantage after genotoxic stress .......... 111 
Targeting CUX1;EZH2-mediated expansion ......................................................................... 113 
Continued modeling of chromosome 7 deletions .................................................................. 117 
Conclusions .......................................................................................................................... 118 
Future Directions ................................................................................................................... 121 

CHAPTER 2: INTRODUCTION ............................................................................. 125 

Characteristics of stem cells ................................................................................................. 125 
Tools to identify and characterize stem cell function: the H2B-GFP mouse model ............... 127 
Knowledge gaps to be addressed ......................................................................................... 130 

MATERIALS AND METHODS ............................................................................... 131 

RESULTS: DETERMINING THE INTEGRATION SITE OF THE H2B-GFP 
TRANSGENE ....................................................................................................... 134 

H2B-GFP mice display leaky transgene expression ............................................................. 134 
H2B-GFP is located on chromosome 5 of the mouse genome ............................................. 134 
Three copies of H2B-GFP integrated into the mouse genome ............................................. 139 

DISCUSSION ....................................................................................................... 141 

Overview and Implications .................................................................................................... 141 

REFERENCES ..................................................................................................... 142 

 

  



 vi 

LIST OF FIGURES 

Figure 1: Structures of CASP and CUX1. ..................................................................... 20 

Figure 2: In silico data mining identifies KMT2C, KMT2E, and EZH2 as candidates 7q 

TSGs modulating drug resistance. ................................................................................ 54 

Figure 3: CRISPR RNP transfection achieves high efficiency knockout in HSCs. ........ 56 

Figure 4: Combined Cux1 and Ezh2 loss is preferentially selected for after ENU. ....... 57 

Figure 5: Cux1 deficiency partially rescues Kmt2e-null engraftment failure. ................ 60 

Figure 6: A pooled RNP transfection approach achieves high-efficiency multiplex gene 

knockout in HSCs. ......................................................................................................... 62 

Figure 7: Multiplex knockout of 7q genes in HSCs demonstrates combined Cux1;Ezh2 

deficiency drives expansion after chemotherapy exposure. .......................................... 64 

Figure 8: Cux1 loss accelerates clonal expansion in vehicle-treated multiplex-knockout 

recipients........................................................................................................................ 66 

Figure 9: shCux1 multiplex-knockout recipients display increased WBCs and 

neutrophils and decreased RBCs and lymphocytes. ..................................................... 68 

Figure 10: Cux1 loss increases myeloid output and selects for bi-allelic Ezh2 loss in 

ENU-treated multiplex-knockout recipients. ................................................................... 70 

Figure 11: Kmt2c and Ezh2 are co-edited in mice with significantly correlated gene 

knockout. ....................................................................................................................... 73 

Figure 12: Kmt2c loss associates with, but does not enhance, expansion of Ezh2-

deficient clones. ............................................................................................................. 76 

Figure 13: Single copy loss of CUX1 or EZH2 promotes chemotherapy resistance. .... 78 

Figure 14: Combined CUX1;EZH2 loss further promotes chemotherapy resistance. ... 80 



 vii 

Figure 15: CUX1;EZH2-deficient cells have reduced apoptosis after daunorubicin 

exposure. ....................................................................................................................... 82 

Figure 16: Combined Cux1;Ezh2 deficiency promotes chemotherapy resistance in 

HSPCs. .......................................................................................................................... 84 

Figure 17: Pharmacologic inhibition of EZH2 promotes daunorubicin resistance on a 

Cux1-deficient background. ........................................................................................... 86 

Figure 18: Cux1;Ezh2-deficient progenitors have higher output and form larger 

colonies. ......................................................................................................................... 89 

Figure 19: Combined Cux1 and Ezh2 loss is transcriptionally additive. ....................... 91 

Figure 20: Cux1;Ezh2-deficient cells are enriched for gene signatures of patient-derived 

del(7q) disease and TP53 loss. ..................................................................................... 96 

Figure 21: Cux1;Ezh2-deficient cells have a diminished DNA damage response. ....... 97 

Figure 22: CUX1;EZH2-deficient cells fail to retain 53BP1 at γH2AX foci and have 

decreased DNA repair efficiency. ................................................................................... 99 

Figure 23: Functional groupings of chromosome 7 genes with co-occurring mutations.

 ...................................................................................................................................... 119 

Figure 24: Continued modeling of 7q as a contiguous gene syndrome region. .......... 120 

Figure 25: 7q is a contiguous gene syndrome region that promotes fidelity of DNA 

repair. ........................................................................................................................... 124 

Figure 26: The H2B-GFP transgene is promiscuously expressed. ............................. 136 

Figure 27: Linkage disequilibrium of H2B-GFP and Cux1mCherry. ................................ 137 

Figure 28: Three copies of H2B-GFP integrated into the mouse genome. ................. 140 

  



 viii 

LIST OF TABLES 

Table 1: 7q genes Implicated in Myeloid Disease Based on Clinical and Experimental 

Data ............................................................................................................................ 32 

Table 2: Guide RNAs and Primers .............................................................................. 42 

Table 3: Western Blotting and Immunofluorescence Antibodies ................................... 43 

Table 4: Flow Cytometry Antibodies ............................................................................ 44 

Table 5: Candidate 7q Genes Promoting Chemotherapy Resistance When Deleted . 102 

Table 6: RNA-Sequencing without ENU Reads Table ................................................ 107 

Table 7: RNA-Sequencing with ENU Reads Table ..................................................... 108 

Table 8: Landmark Hematopoiesis Studies Using the H2B-GFP Mouse .................... 129 

Table 9: PCR Primers for Targeted Locus Amplification ............................................. 133 

  



 ix 

ACKNOWLEDGEMENTS 

 The McNerney lab has been a great source of scientific and personal support 

throughout my time in graduate school. The graduate student community is one of the 

lab’s strongest assets. Thank you to Tanner Martinez, Raven Moten, Kasia Zawieracz, 

Yuqing Xue, and Weihan Liu for making graduate school far more bearable. I hope to 

remain a part of The BrosTM group chat and hope it continues to expand. Tanner in 

particular has been a great colleague – he is always willing to discuss science and talk 

about experiments, figures, and big ideas. Thank you for helping me troubleshoot 

transplants in the early years, sorting many RNA-sequencing replicates, and showing me 

how to make heatmaps in R Studio. Our shared experience as students in the McNerney 

lab and The University of Chicago MSTP, especially handling Grand Rounds catering and 

the 2023 admissions revisit events, and both serving as internal F30 study section review 

chairs, have been a strong bonding force and I look forward to returning to medical school 

together. I would also like to thank Raven and Yuqing for their help on the final mechanistic 

experiments of the thesis project. I have enjoyed watching Raven’s sense of humor 

flourish as she progresses through graduate school. I wish our newest graduate member, 

Hunter Blaylock, all the best as he starts his own Ph.D. journey in the lab.  

 I would also like to thank Dr. Angela Stoddart, Dr. Madhavi Senagolage, Saira 

Khan, and Dr. Ningfei An for their guidance and mentorship in the lab. Angela in particular 

had a large contributing role to the direction of the thesis project, and I appreciate all the 

time we talked about experimental design, overarching scientific questions, and life in 

general. Madhavi has been an exceptional labmate, and I have enjoyed how much we 

can relate to each other over our five years in the lab. As with Hunter, I wish the newest 



 x 

post-graduate member of the lab, Dr. Joe Cannova, best of luck. Former members of the 

McNerney lab, especially Dr. Molly Imgruet, Dr. Jeff Kurkewich, Bonnie Hu, and Henna 

Nam, have also contributed to the project and my growth as an academic scientist.  

 I first met Dr. Megan McNerney when I interviewed for The University of Chicago 

MSTP, and was immediately drawn to her science and way of thinking about problems, 

particularly clonal hematopoiesis. Thank you for taking me into your lab; I know I am 

leaving it a more confident, independent scientist. I will always admire your deft scientific 

writing, and I appreciate your willingness to guide me through grant proposals, conference 

abstracts, posters, manuscripts, and peer review. I would also like to thank my thesis 

committee, Dr. Alex Ruthenburg, Dr. Eileen Dolan, and Dr. Steve Kron. Dr. Kron has been 

an excellent thesis chair, and his consistent willingness to attend my lab meeting and 

work-in-progress presentations, email relevant papers, and meet to discuss data is a 

testament to his commitment to science and trainees. I am a better scientist for it. Dr. 

Andrea Piunti has also been extremely helpful discussing data, particularly for advancing 

the final mechanistic experiments. Thank you all for your time and mentorship. 

 This project would not have been possible without help from the Flow Cytometry 

Core, DNA Sequencing Facility, Genomics Core Facility, Animal Resources Center, and 

Integrated Light Microscopy Core. I am also grateful to The University of Chicago MSTP, 

especially Dr. Lucy Godley, and the Committee on Cancer Biology. 

Both my father, Dr. Robert M. Jotte, and my grandfather, Dr. Angelo M. Alves, 

attained their M.D./Ph.D. degrees and are role models for showing how fulfilling and 

stimulating this career path can be. Finally, to Amanda, thank you for staying with me as 

I came to Chicago to pursue this training, and always being a source of love and support. 



 xi 

PREFACE 

 The work described in this thesis is original and was conceptualized, performed, 

and analyzed in the McNerney lab. I designed, performed, analyzed, and described the 

results for all experiments in this thesis, with assistance from Angela Stoddart with the 

multiplex knockout mouse cohorts, Tanner Martinez with transplanting mice and sorting 

cells for RNA-sequencing, Raven Moten with the immunofluorescence micrographs, 

Yuqing Xue with the comet tails, Molly Imgruet with the U937 dose-response curves, and 

Henna Nam and Bonnie Hu with the CRISPR screen data mining. Jermaine Austin 

performed some of the DNA isolation from blood samples of the multiplex knockout 

mouse cohorts. Sandeep Gurbuxani assisted with imaging and analysis of the stained 

spleen sections. Ningfei An and Saira Khan were helpful with promoting a lab environment 

conducive to productive research, including ordering and organizing reagents. The work 

in Chapter 1 of this thesis has been submitted for peer review and publication. Some of 

the information in the introduction of Chapter 1, including Figure 1, was adapted from a 

review I authored with Megan McNerney, which is listed as Reference 146. 

 Chapter 2 is an ongoing work in collaboration with Tanner Martinez. Together, we 

conducted and analyzed the presented experiments, and produced the figures and tables.  

  



 xii 

ABSTRACT 

Loss of all or part of chromosome 7 [-7/del(7q)] is recurrent in myeloid neoplasms 

and associated with a poor response to chemotherapy. Chromosome 7-encoded genes 

that drive drug resistance and the consequences of combinatorial 7q tumor suppressor 

gene loss have remained unclear, the latter question being largely due to the challenges 

of modeling aneuploidy. Here, we use in silico data mining to uncover 7q genes involved 

in chemotherapy resistance. We establish murine models of del(7q) clonal hematopoiesis 

and drug resistance with multiplex CRISPR-Cas9-mediated inactivation of four genes, 

Cux1, Ezh2, Kmt2c, and Kmt2e. Post-genotoxic exposure, combined deficiency of Cux1 

and Ezh2 preferentially promotes clonal myeloid expansion in vivo, with compounding 

defects in DNA damage recognition and repair. Experiments in human acute myeloid 

leukemia cell lines similarly illustrate central roles for CUX1 and EZH2 loss in cellular 

survival and DNA damage resolution following chemotherapy exposure. Transcriptome 

analysis reveals combined Cux1 and Ezh2 loss recapitulates -7 patient gene signatures 

and defective DNA damage response pathways, to a greater extent than single gene loss. 

This work reveals a genetic interaction between CUX1 and EZH2, and sheds light on how 

-7/del(7q) contributes to leukemogenesis and drug resistance characteristic of these 

adverse-risk neoplasms. These data support the concept of 7q as a contiguous gene 

syndrome region, in which combined loss of multiple gene drives pathogenesis. Further, 

our CRISPR-based approach may serve as a framework for interrogating other recurrent 

aneuploid events in cancer. 
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CHAPTER 1 

INTRODUCTION 

Aneuploidy in human tissues 

 The human genome consists of 22 autosomes and 1 sex chromosome. Somatic 

cells contain two genome equivalents, with one set each originating from maternal and 

paternal gamete contributions. Cells possessing a full complement of 46 chromosomes 

are referred to as ‘euploid’, and any deviation from this number results in aneuploidy. The 

gain or loss of chromosomal material that arises with aneuploidy confers a dosage 

imbalance to all encoded genes within the affected region, resulting in excessive or 

insufficient gene products.1 Hundreds to thousands of genes can be affected depending 

on the size of the chromosome, which has far-reaching effects on nearly every facet of 

cell biology, including protein homeostasis, metabolism, and proliferation.2–4 

Consequently, aneuploidy is not well-tolerated in humans, particularly during 

development.  

 Aneuploidies that arise early in embryonic development, either from chromosomal 

mis-segregation in a parental gamete or during one of the primary zygotic mitoses, result 

in an organism in which all or nearly all cells harbor an aberrant karyotype. Given the 

diverse cellular consequences of an unbalanced genome, aneuploidy is generally 

embryonic lethal in humans and is the leading cause of early miscarriages.5 Autosomal 

monosomies, the loss of a chromosome, are incompatible with viability. Intriguingly, there 

are three autosomal trisomies, the gain of a chromosome, that can persist to birth: 

Trisomy 13, known as Patau syndrome; Trisomy 18, known as Edwards syndrome; and 

Trisomy 21, known as Down syndrome. Infants with Trisomy 13 or 18 have extremely 
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shortened lifespans, with only 10% of affected individuals surviving to one year of age, 

and display severe developmental defects including cardiac and renal malformations.6–8 

Trisomy 21 is the best-studied aneuploidy in humans. Affected individuals display a 

number of characteristics affecting multiple organ systems, including short stature, 

intellectual disability, and congenital heart defects.9 Individuals with Trisomy 21 have a 

reduced life expectancy to around 60 years,10 notably shorter than the average of 

approximately 80 years in the U.S. but substantially longer than the other autosomal 

trisomies, perhaps reflecting the fact that human chromosome 21 is the smallest of all the 

autosomes, comprising only 1.5-2% of the genome.11 

 Aneuploidies of the sex chromosomes are better tolerated – so long as at least 

one X chromosome is present, all single-chromosome deviations are compatible with 

survival, though many gestations still spontaneously terminate.12,13 The most common 

sex chromosome aneuploidy is Klinefelter syndrome, resulting from an XXY trisomy that 

notably impairs testicular development and spermatogenesis.14 An XYY karyotype, 

known as Jacob’s syndrome, has a milder impact on primary and secondary male sexual 

development but still increases overall morbidity, likely due to disruptions to the 

psychiatric, endocrine, and neurological systems, among others.15,16 Trisomy X, also 

known as Triple X syndrome, is the mildest of the sex chromosome aneuploidies; many 

cases go undiagnosed and the condition appears to primarily affect behavioral and 

psychiatric development.17 The sole sex chromosome monosomy, known as Turner 

syndrome, results from an XO karyotype and confers a variety of medical and 

developmental problems, including short stature, infertility, and ovarian and cardiac 

dysgenesis.18 The reduced phenotypic severity of sex chromosome aneuploidies may 
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reflect the increased propensity for dosage compensation on these chromosomes, which 

is less common in the autosomes.19 

Maintenance of genome integrity is therefore critical to successful organismal 

development, and eukaryotic cells have evolved extensive mechanisms to safeguard 

chromosome copy number. The primary protective mechanism against chromosome 

segregation errors is the spindle assembly checkpoint. During cell division, individual 

chromosomes are duplicated and the resulting sister chromatids are connected to each 

other at the centromere and held together by cohesin complexes.20 Microtubules 

originating from centrosomes at opposites poles of the cell form mitotic spindles that 

attach to kinetochore complexes assembled on the outer surface of the centromere, 

resulting in bipolar attachment and stable alignment of chromosomes to the metaphase 

plate via opposing spindle tension. Cleavage of the cohesin complexes by a protein called 

separase results in loss of sister chromatid cohesion and the initiation of chromosome 

segregation.21 The spindle assembly checkpoint prevents premature exit from mitosis by 

halting cell cycle progression in the presence of unattached or improperly attached 

kinetochores.22 Defects in the spindle assembly checkpoint greatly increase the 

frequency of aneuploid events, as do merotelic spindle attachments to kinetochores in 

which one kinetochore is attached to both poles, and premature loss of sister chromatid 

cohesion.1  

When these safeguards fail in meiosis, aneuploid gametes are produced that may 

impair the ability of the parent organism to produce viable offspring, but ultimately have 

little physiologic impact on the organism itself. In contrast, segregation errors during 

mitosis result in aneuploid daughter cells that are retained as part of the parent tissue. In 
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tissues with high turnover, such as the epithelial lining of the intestine, such errors arising 

during replication are rapidly lost as cells are routinely shed. Further, terminally 

differentiated cells typically have diminished reproductive capacity which can limit the 

impact of a deleterious change.23 However, errors arising in highly proliferative stem and 

progenitor populations will persist and be passed on to every daughter cell as the afflicted 

cell continues to divide. The resultant population may accumulate to detectable levels, a 

phenomenon known as somatic mosaicism. Somatic mosaicism arising from point 

mutations is common and increases with age, and has been detected in every organ yet 

examined.24 Estimates of the frequency of aneuploidy in somatic tissues vary by 

methodology; single-cell sequencing indicates fewer than 1% of human neurons and skin 

fibroblasts are aneuploid.25 Still, as only a small population of somatic cells is affected, 

abnormalities that would be lethal in the germline may be tolerated and, in some 

circumstances, may even be selected for.26 

 

Aneuploidy in cancer 

 The consequences of aneuploidy are generally detrimental to cell physiology. The 

immediate alteration to gene dose that occurs with chromosome mis-segregation has 

effects at both the RNA and protein level: genes encoded on the aneuploid chromosome 

display transcriptional upregulation or downregulation proportional to copy number gain 

or loss, and protein levels are similarly affected.27 Dosage compensation is minimal, 

particularly for genes encoding components of multi-protein complexes.27 Globally, 

aneuploid cells exhibit upregulation of genes related to stress response pathways, similar 

to the stress response from heat shock and oxidative stress, and this ‘aneuploidy stress 
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response’ is conserved across yeast, plant, mouse, and human cells.28 At the protein 

level, the sudden increase in copy number from a trisomy can result in an increased 

protein load, saturating the chaperone and proteasome quality-control systems and 

leading to persistent protein aggregates.29 Further, aneuploidies can disrupt ribosome 

stoichiometry as at least one component of the ribosome is encoded on every 

chromosome in the human genome except chromosome 7.30 Impaired ribosome 

formation can lead to ribosome biogenesis stress and p53 activation, with subsequent 

cell cycle arrest and potential apoptosis initiation.31 

Such changes generally reduce the fitness of the affected cell. Indeed, cells with 

deficiencies in ribosome biogenesis are eliminated in Drosophila melanogaster models, 

and murine aneuploid hematopoietic stem cells (HSCs) are outcompeted by their euploid 

counterparts, in part due to decreased proliferation.32,33 These observations are at odds 

with the fact that aneuploid karyotypes are incredibly prevalent in human cancers, with 

over 90% of solid malignancies and 75% of hematopoietic malignancies deviating from 

the balanced complement of 46 chromosomes.34 The high prevalence of aneuploidy in 

cancer suggests a pathogenic role, and aneuploidy was first proposed as a cause of 

tumorigenesis by Theodor Boveri in the early 20th century.34,35 However, there is no 

general consensus among the scientific community. The sheer variety of chromosomal 

changes detected in human cancer, illustrated by the Mitelman database that currently 

has over 77,000 cataloged patient karyotypes,36 as well as the observation that the 

degree of karyotypic complexity correlates with tumor evolution from benign to 

malignant,37 have led to suggestions that aneuploidy is irrelevant to tumor initiation or an 

inconsequential side-effect of transformation.38,39 Still, the recurrence of specific 
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chromosomal alterations in cancer, many of which are tissue-specific, suggests at least 

some aneuploid events contribute to the disease state. 

The conflicting findings that aneuploidy can impair proliferation but is widespread 

in cancer, a disease of uncontrolled proliferation, have led to what is termed the 

‘aneuploidy paradox’ and extensive efforts have been made to identify contexts in which 

aneuploidy can confer benefit.40,41 One emerging theme is that aneuploidy may confer a 

fitness advantage under stress conditions, particularly in the presence of genotoxic 

agents. For example, colorectal cancer cells engineered to carry an additional copy of 

chromosome 13 have reduced proliferation compared to disomic parent cells in standard 

culture conditions, but significantly increased proliferation in both serum-free and hypoxic 

conditions, as well as in the presence of the 5-fluorouracil, a cytotoxic chemotherapy 

agent used to treat colorectal cancer.42 Intriguingly, the trisomy 13 cells also displayed a 

higher proliferation rate than trisomy 7 cells in these same suboptimal conditions, notable 

as trisomy 13 is specifically found in colorectal cancer whereas trisomy 7 is common 

across other cancer types. In a different set of experiments, BRAF-mutant melanoma 

cells treated with an inhibitor of the spindle assembly checkpoint kinase MPS1, which 

induces chromosomal instability and mis-segregation during the treatment window, 

gradually decreased in frequency in standard culture conditions after mixing with equal 

numbers of untreated cells.43 However, these same cells completely overtook the culture 

in the presence of vemurafenib, a targeted chemotherapy for BRAF-mutant melanoma, 

further suggesting that aneuploidy can confer context-specific fitness advantages. Such 

experiments also carry the ominous implication that aneuploidy can contribute to 

chemotherapy resistance.  
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Increasing emphasis is being placed on identifying whether the effects of an 

aneuploidy are mediated by a specific gene or genes encoded in the altered region. In 

support of this concept, many chromosomal aberrations are not whole chromosome 

aneuploidies and instead only affect specific segmental regions. For example, the short 

arm of chromosome 17 (17p) contains TP53, a tumor suppressor gene aptly named the 

‘guardian of the genome’ for its myriad roles in DNA repair, cell cycle, and apoptosis. 17p 

deletions occur widely in cancer and invariably include TP53,44–46 suggesting the 

deletions function as a mechanism to eliminate one copy of this critical gene. In addition, 

many cancers with 17p deletions harbor mutations in the remaining TP53 allele, 

strengthening the premise that TP53 is the target of 17p loss.47 However, these deletions 

are large and often encompass hundreds of neighboring genes; intriguingly, acute 

myeloid leukemia (AML) patients with both a TP53 mutation and 17p deletion have a 

worse prognosis than those with homozygous TP53 mutations, suggesting the adjacent 

genes co-deleted with TP53 in 17p loss are not innocuous passengers.47 Indeed, shRNA 

knockdown of either Trp53 or Eif5a, two genes encompassed by nearly all lymphoma-

associated 17p deletions, in Eµ-Myc mouse HSCs accelerated lymphoma development, 

which was further enhanced by combined knockdown of both genes.47 These 

experiments provide compelling evidence that multiple genes within an aneuploid 

segment can be important for a cancer phenotype, and, critically, that the effects of altered 

gene dose can be additive or synergistic. 

Multiple lines of evidence have emerged that further support aneuploid regions 

housing multiple genes related to cancer development, and having distinct phenotypes 

from alterations to individual genes. Co-suppression of three genes mapping to 
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chromosome band 8p22, commonly deleted in a number of solid cancers including lung 

cancer, breast cancer, and hepatocellular carcinoma (HCC), synergistically promoted 

tumor growth in a mouse model of HCC.48 Multiple regions of chromosome 3p, deletions 

of which are nearly ubiquitous in small and non-small cell lung cancers, have been 

demonstrated to contain genes relating to lung development, carcinogen sensitivity, and 

cell cycle progression, among other pathways.49 Deletions of the long arm of chromosome 

5 (5q), recurrent in myelodysplastic syndrome (MDS) and AML, have been localized to 

two regions that are minimally necessary for clinical symptoms at chromosome bands 

5q31 and 5q32-33.50–52 Heterozygous loss of the ribosomal gene RPS14 on 5q33 

recapitulates the anemia observed in del(5q) patients, and reduced expression of the 

nearby microRNAs miR-145 and miR-146a causes thrombocytosis characteristic of 

del(5q).53,54 Combined single-copy loss of the orthologs of EGR1, located on 5q31, and 

APC, located on 5q23, accelerates the development of anemia and monocytosis, features 

of MDS, in mouse models with reduced Trp53.55 

Of note, for many segmental deletions the homologous chromosome remains 

intact, and there are few if any mutations or epigenetic silencing of the second alleles of 

genes contained in the deletion region. In addition to hindering identification of candidate 

genes that may contribute to the disease phenotype, this also suggests that affected 

genes are haploinsufficient, whereby single-copy loss is sufficient to induce a pathogenic 

phenotype. Experimental evidence supports that many 5q genes act in a haploinsufficient 

manner, in contrast to Alfred Knudson’s ‘two-hit hypothesis’ that tumor suppressor genes 

require bi-allelic inactivation.56 A recent computational analysis of over 8,200 tumor-

normal tissue pairs suggests that the majority of the genome is dose-sensitive, and that 
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cumulative haploinsufficiency and triplosensitivity of critical gene clusters driven by 

chromosome loss or gain, respectively, can predict the complex patterns of aneuploidy 

characteristic of cancer genomes.57 Further, this analysis suggests that the classic ‘two-

hit’ model from Knudson, exemplified by secondary TP53 mutations in cases with 

del(17p), may be the exception rather than the norm. In this way, aneuploidy may serve 

to simultaneously alter the copy number of multiple dose-sensitive linked genes. 

Though aneuploidy likely contributes to disease development, it is unlikely to be 

sufficient for transformation as a sole abnormality. The simplest route to transformation in 

human cells disrupts the pRb and p53 tumor suppressor pathways and activates the 

telomerase and RAS proliferation pathways, converging on multiple hallmarks of 

cancer.38,58,59 There is no conclusive evidence that any one chromosomal aneuploidy can 

sufficiently perturb these pathways to the degree necessary for full malignant 

transformation, though trisomy 21 causes a transient abnormal myelopoiesis antecedent 

to AML, and some structural rearrangements create potent fusions that drive disease.60,61 

Still, there is increasing documentation that aneuploid events can arise early in 

tumorigenesis and even potentially serve as initiating events. In colorectal cancer, 

inactivating mutations in the APC (adenomatous polyposis coli) gene on chromosome 5q 

are considered tumor-initiating events, activating WNT signaling pathways that ultimately 

reduce the probability of a cell being shed into the intestinal lumen.62–65 Accordingly, 

deletions of 5q containing APC have been observed at early stages of neoplasia and 

many precancerous lesions harbor additional major chromosomal abnormalities, 

suggesting chromosome instability occurs quite early.62,66 
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Chromosome 7 deletions in hematopoietic malignancies 

Cancers of the hematopoietic system, which gives rise to all lineages of blood, are 

generally classified as either myeloid or lymphoid according to the branch of 

hematopoiesis that is disrupted. These diseases, which are thought to originate in 

hematopoietic stem cells,67 tend to have a relatively low mutational burden among the 

spectrum of human cancers, but are notable for their high degree of chromosomal 

translocations.68 It is estimated that over 50% of leukemias, and nearly all lymphomas, 

exhibit or are caused by translocations, which can generate novel fusion proteins or 

forcibly alter the expression level of an otherwise unmutated gene to drive disease 

development.69 The reasons for such a high prevalence of translocations are still under 

active study, and at least for lymphoid disease may be related to the V(D)J somatic 

recombination events that occur during the early development of B and T lymphocytes. 

 The most prevalent malignancies of the myeloid lineage of hematopoiesis are 

myelodysplastic syndrome and acute myeloid leukemia. AML is the most common form 

of acute leukemia in adults and also has the shortest survival, accounting for over 60% 

of leukemic deaths.70 Though AML has its own repertoire of recurrent translocations, 

chromosomal aneuploidy is also routinely observed in cytogenetic analyses, most 

commonly gains of chromosomes 8 and 13, 17p deletions, 5q deletions, and loss of all of 

part of chromosome 7 [-7/del(7q)].71 

Chromosome 7 loss was first described in a brief report from 1964, which proposed 

a new disease consisting of a refractory anemia and myeloid hyperplasia associated with 

chromosome 7 absence that frequently developed to acute leukemia.72 It is now 

appreciated that -7/del(7q) is among the most common chromosomal abnormalities 
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across essentially all myeloid malignancies, including both pediatric and adult 

disease.73,74 Interestingly, chromosome 7 alterations in hematopoietic cancers are almost 

always deletions or copy-neutral loss of heterozygosity (CN-LOH); in solid cancers, 

chromosome 7 gains or focal amplifications are observed, thought to increase the dose 

of driving oncogenes including EGFR and MET.57,75 Within the hematopoietic field, the 

sheer prevalence of -7/del(7q) strongly suggests these deletions contribute to 

pathogenesis, but the specific contributions to disease initiation and development remain 

unknown.  

-7/del(7q) is found in 5-10% of AML and adult MDS, 40% of pediatric MDS, 40% 

of myeloid neoplasms arising from cancer predisposition syndromes, and 50% of therapy-

related myeloid neoplasms.76–79 Deletions are associated with higher-risk MDS, faster 

time to transformation to AML, and poor overall survival in AML, and are considered 

adverse prognostic events.76,80 Within these diseases, -7/del(7q) often co-occurs with 5q 

deletions, chromosome 8 gains, and RAS pathway mutations, but also frequently occurs 

as an isolated cytogenetic event.81 Intriguingly, a recent whole exome sequencing study 

of pediatric MDS identified chromosome 7 deletions as the sole abnormality in 13% of 

cases – no other karyotype alterations or coding mutations were detected.78 Though it is 

possible non-coding changes were present but not detected, such data raise the question 

as to whether monosomy 7 is sufficient to promote MDS. Spontaneous remission of 

monosomy 7 in pediatric MDS with subsequent disease resolution has also been 

reported, albeit rarely, further suggesting -7 is critical for enabling the disease state.82,83  

There is also accumulating evidence that -7/del(7q) can serve as an initiating event 

in myeloid disease. In addition to cases in which -7 is the sole detectable abnormality,78 



 12 

analyses of clonal hierarchies in myeloid neoplasms have demonstrated that 

chromosome 7 deletions can be founding events.84,85 The degree to which chromosome 

7 loss impacts the fitness of an HSC when it occurs so early remains unclear. Aneuploidy 

in HSCs reduces proliferation rates, and though no ribosome components are encoded 

on chromosome 7, there are likely indirect effects on ribosome biogenesis.30,33 For 

example, the SBDS gene on 7q11.21 encodes a highly conserved ribosome maturation 

factor essential for complete ribosome assembly;86 mutations within the gene are 

associated with Schwachman-Bodian-Diamon syndrome, an autosomal recessive bone 

marrow failure syndrome for which the gene is named, and even partial reduction in SBDS 

expression impairs hematopoiesis.87,88 Consequently, it seems likely that HSCs with 

founding -7/del(7q) events, and indeed any aneuploidy, would face selective pressure to 

acquire secondary mutations that alleviate associated stresses. Regardless, the fact 

remains that chromosome 7 deletions can occur early in disease development. 

Whether the effects of -7 and del(7q) are equivalent remains an open question. 

Monosomy 7 and del(7q) are often group together clinically despite differing mechanisms 

of occurrence: monosomy 7 results from a chromosome segregation failure, whereas 

del(7q) results from chromosomal breakage. Some studies have assessed -7 separately 

from del(7q) and report better prognosis for del(7q),89,90 though others have found no 

difference.85,91 More genes are affected by a monosomy 7 than a del(7q) event, perhaps 

accounting for these observations, but the recurrence of 7q deletions implies many, if not 

most, of the important chromosome 7 genes reside on the long arm. Additionally, there is 

heterogeneity in the breakpoints for 7q deletions, and whether different deletion spans 

carry unique prognostic implications remains unclear. 
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Clonal hematopoiesis and chromosome 7 alterations 

Many large-scale sequencing studies have also identified chromosome 7 

alterations in clonal hematopoiesis of indeterminate potential (CHIP), the phenomenon 

by which otherwise healthy individuals with no history of hematopoietic malignancy harbor 

low-frequency variants associated with leukemia in their blood, including DNMT3A, TET2, 

ASXL1, and TP53.92–96 Somatic mutations accumulate as an organism ages, with adult 

HSCs acquiring approximately 14 mutations per year,97 and by chance some of these 

mutations occur in coding regions. If the mutation confers a fitness advantage, the cell 

bearing it should expand and become over-represented in the blood – the hematopoietic 

equivalent of somatic mosaicism. Improved deep sequencing technologies have revealed 

that clonal hematopoiesis is ubiquitous in adults, with one study identifying mutations in 

leukemia-associated genes in 95% of individuals, albeit some at extremely low variant 

allele frequencies (VAF).98 The clinical threshold for CHIP is a VAF of ≥2%, and by this 

definition CHIP increases with age and is estimated to occur in approximately 20% of 

elderly individuals.99 This observation raises the question of how to reconcile the high 

prevalence of CHIP with the clearly lower incidence of hematopoietic disorders. As the 

presence of CHIP is associated with increased risk of developing a hematologic 

malignancy, this discrepancy highlights the need to understand which individuals are at 

highest risk of progression.100 

The presence of mutations in the absence of overt disease is not unique to 

hematopoiesis; the number of cell divisions that occur during ontogeny, as organ systems 

are generated from a single-cell zygote, is vastly higher than the number required to 

maintain self-renewing adult tissues.101 Even in the hematopoietic system, which requires 
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continuous output across life, the number of cell divisions needed to constitute the 

complete blood production network and HSC pool is certainly higher than the steady-state 

division rate of adult HSCs, which is quite low.102 Consequently, it is estimated that a 

substantial fraction of mutations occur and accumulate during development, at odds with 

epidemiologic data that the majority of cancers occur later in life.103 The disconnect 

between cancer incidence and time-dependent mutation accumulation suggests 

oncogenic mutations are necessary but not sufficient for tumorigenesis.101 This premise 

holds even for strong driver mutations – BCR-ABL translocations, the initiating event of 

chronic myeloid leukemia (CML),104 can be detected in leukocytes of up to 30% of healthy 

individuals over sufficient lengths of time to suggest the alterations reside in HSCs, but 

the incidence of CML is far less than 30% of the general population.105,106  

Considerable effort has therefore been dedicated toward identifying interacting 

factors that drive clonal expansion of mutant cells. The size of the CHIP clone and number 

of mutations are primary metrics that influence likelihood of progression, as are the 

specific gene or genes that are mutated.99 Exposure to cytotoxic therapy, such as anti-

cancer treatment for a solid malignancy, can promote expansion of clones with mutations 

in DNA damage response genes, including TP53 and PPM1D.107,108 Regenerative 

hematopoiesis after HSC transplant can promote expansion of DNMT3A mutations and 

actually decreases the VAF of some PPM1D mutations, demonstrating that the behavior 

of different CHIP clones is impacted both by the type of stress as well as the specific 

mutations they harbor.107 Inflammatory signaling and the microbiome have also been 

shown to influence clonal expansion.109,110 Collectively, these observations support a 



 15 

model in which selective pressures from multiple sources alter the fitness landscape of 

the tumor microenvironment and influence the oncogenic potential of different mutations.  

The incidence of chromosomal alterations in CHIP is lower than that of point 

mutations, but similarly increases with age to an estimated 2-3% of elderly individuals 

and also increases the risk of developing a hematologic malignancy.92,93 Two recent 

studies examined the effects of copy number alterations in CHIP in conjunction with point 

mutations, in large cohorts from Memorial Sloan Kettering (MSK) and BioBank 

Japan.111,112 Both groups detected chromosome 7 deletions and CN-LOH at similar levels 

as prior studies. Intriguingly, every 7q CN-LOH event in the MSK cohort co-localized with 

an EZH2 mutation, located on 7q36.1, suggesting this alteration served to duplicate a 

previously acquired EZH2 mutation.111 This has also been reported in previous studies of 

chromosome 7 uniparental disomy,80,113,114 providing supporting evidence that EZH2 is a 

critical gene on 7q. However, none of the -7/del(7q) events in the MSK cohort had a 

second EZH2 mutation. The BioBank Japan study found that individuals with del(7q) and 

7q CN-LOH had significantly increased risk for subsequent development of hematologic 

malignancy, particularly myeloid disease.112 The risks associated with chromosome 7 

abnormalities were similar to those of 17p, which contains TP53, indicating del(7q) CHIP 

is a biomarker for risk of disease progression that warrants close monitoring. 

 Cell extrinsic factors likely have a large degree of influence on cells with -7/del(7q), 

evidenced by the high prevalence in therapy-related myeloid neoplasms (t-MN), high-risk 

malignancies arising after prior exposure to chemotherapy or radiation.79 CHIP is also 

associated with increased risk of t-MN development,95,115 suggesting a model in which a 

pre-existing clonal population harboring -7/del(7q) is selected for by radiation and/or 
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chemotherapy, and subsequently expands and transforms to t-MN. Chromosome 7 

deletions are also found in hematopoietic cells of benzene-exposed workers as well as 

AML in elderly patients, which often resembles t-MN, supporting that -7 may be selected 

for in the context of environmental exposure and aging.116,117 This echoes observations 

that chemotherapy can select for TP53 and PPM1D mutations, and that aneuploidy can 

be advantageous in stress contexts.43,107 Chromosome 7 loss may therefore allow cell 

survival and persistence in a suboptimal bone marrow environment. Further, -7/del(7q) 

may contribute to the inherent drug resistance of t-MNs as the initiating population has 

already undergone selection for increased fitness under genotoxic stress. The 

identification of specific chromosome 7 genes modulating expansion and drug resistance 

has therefore become the focus of intense efforts. 

 

Chromosome 7 tumor suppressor genes 

 Except for EZH2, there are few genes on chromosome 7 that have recurrent bi-

allelic inactivation in myeloid disease.114,118 Accordingly, chromosome 7 tumor 

suppressor genes (TSG) are likely to act in a haploinsufficient manner, similar to del(5q) 

genes. The lack of ‘second hit’ mutations is a barrier to identifying critical TSGs, but 

alignment of patient 7q deletion segments has mapped three commonly deleted regions 

(CDRs) at the cytogenetic bands 7q22, 7q34, and 7q35-36.80,119,120 Several candidate 

TSGs have since been identified in these regions on the basis of mutational status in 

myeloid or solid cancers, as well as germline mutations that increase susceptibility to 

myeloid cancers, and have been validated in animal knockout models.121 Mutations in the 

7q genes CUX1, EZH2, and LUC7L2 have also been identified in clonal hematopoiesis 
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and are predicted to increase cell fitness.100,122–124 A summary of function, cellular and 

hematopoietic deletion phenotypes, and clinical associations for major 7q genes is 

provided in Table 1, and individual 7q TSGs are discussed in greater detail below: 

  

CUX1 

 CUX1, previously known as CUTL1 and CCAT displacement protein (CDP), is a 

ubiquitously expressed, non-clustered homeobox transcription factor that is both 

evolutionarily and functionally conserved from Drosophila melanogaster to humans.125 

Located in the 7q22 CDR, CUX1 is one of the few chromosome 7 genes that is recurrently 

mutated in cancer, with mutations identified in 2-4% of myeloid diseases and 1-5% of 

various solid tumors.126,127 CUX1 mutational patterns fit a signature representative of 

TSGs, with frameshift and nonsense alterations distributed throughout the coding 

frame128 (Figure 1). Bi-allelic mutations are rare, however, suggesting haploinsufficiency. 

MDS and AML patients with inactivating CUX1 mutations have decreased survival 

compared to those with wild-type CUX1, with overall survival mirroring that of patients 

with -7/del(7q).126,127 Collectively, the clinical data strongly implicate CUX1 inactivation in 

myeloid disease development and support CUX1 being a critical 7q TSG. 

 The cellular function of CUX1 and role of CUX1 in myeloid malignancies is under 

active exploration. Investigation of CUX1 is complicated by the complexity of the locus: 

the CUX1 gene is large, spanning 340 kilobases and 33 exons, with multiple RNA and 

protein isoforms.129 Hematopoietic cells express only the full length p200 isoform,130 

which contains four DNA-binding domains consisting of three CUT-repeat domains and 

one homeodomain131 (Figure 1). CUX1 is further complicated by being one of the few 
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mammalian genes that shares exons with a second, independent gene CASP (Cux1 

Alternative Splice Product).132 Exons 15-24 are unique to CUX1 and contain the four 

DNA-binding domains; consequently, CASP does not have DNA-binding domains nor is 

it located in the nucleus (Figure 1). Instead, CASP is a highly expressed Golgi-associated 

protein thought to be involved in vesicle transport.133 CASP and CUX1 isoforms are 

routinely aggregated in genomics datasets such as RNA sequencing, making it 

challenging to parse out independent roles of CUX1 and CASP, and failure to assess 

antibody specificity to CUX1 and CASP can produce inconclusive or misleading results.130 

 Due in part to this complexity, and the requirement for Cux1 during development, 

establishment of traditional Cux1 knockout mice has been challenging.134 To circumvent 

these issues, the McNerney lab developed inducible shRNA-based murine models of 

Cux1 knockdown, reducing CUX1 protein levels to 54% (Cux1mid) and 12% (Cux1low) in 

thymocytes.135 The Cux1mid shRNA targets an exon shared by all Cux1 and Casp 

transcripts, whereas the Cux1low model affects CUX1-encoding transcripts only (Figure 

1). Ubiquitous shRNA expression in Cux1mid mice leads to a normocytic anemia and 

splenomegaly, and Cux1low mice develop MDS/myeloproliferative neoplasms with a lethal 

anemia.135 Recently, a second group reported a Cux1 knockout model in which exons 15-

18 were excised in the hematopoietic compartment driven by Vav1-iCre.136 This 

approach, which avoids Casp isoforms, removes the first two DNA-binding domains and 

ablates CUX1 protein expression in an allele-dependent manner in splenocytes. Similar 

to Cux1mid mice, Cux1+/- mice develop mild anemia and bone marrow dysplasia.136 This 

phenotype is exacerbated with full Cux1 loss; Cux1-/- mice develop a disease akin to 

Cux1low mice, providing compelling evidence for the pathogenesis of CUX1 loss in 



 19 

myeloid disease. These models also suggest the effects of mutations in shared exons 

can likely be attributed to CUX1 disruption and not CASP. 

On a molecular level, CUX1 preferentially binds enhancer elements and acts as a 

transcriptional activator or repressor in a context-dependent manner.135,137,138 CUX1 

interacts with the BAF nucleosome remodeling complex in HSCs to open chromatin, 

particularly at enhancer regions, and CUX1 deficiency in CD34+ hematopoietic stem and 

progenitor cells (HSPCs) results in a proliferative gene signature similar to MDS patients 

with -7/del(7q).135,139–141 Recently, the McNerney lab reported CUX1 loss also impacts the 

epigenetic landscape of cells, both basally and in the context of irradiation-induced DNA 

damage.142 After irradiation, CUX1-null cells show an impaired DNA damage response 

with decreased di- and tri-methylation of histone 3 lysine 9 and 27 (H3K9me2/3; 

H3K27me2/3), marks normally associated with DNA repair.142–144 Further, Cux1-deficient 

cells continue to proliferate after alkylating agent exposure, ultimately leading to alkylator-

induced t-MN in Cux1-deficient mice.142 Collectively, the data demonstrate a novel role 

for CUX1 in the recognition and repair of chemotherapy-induced DNA damage. Given the 

epidemiologic connection between alkylating agent chemotherapy and -7/del(7q) t-

MNs,145 as well as the presence of both CUX1 mutations and -7/del(7q) in CHIP, these 

findings provide a mechanistic link between del(7q) and t-MN. Overall, there is 

overwhelming clinical, genetic, and experimental evidence for CUX1 as a critical 7q TSG. 

 

EZH2 

 EZH2 is a well-known histone-modifying enzyme encoded in the 7q36 CDR that 

catalyzes the mono-, di-, and tri-methylation of histone 3 lysine 27. H3K27me3 is the best-  
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Figure 1: Structures of CASP and CUX1. 
 
The genomic locus of CUX1 has two alternative start sites (exons 1A and 1B) and 
contains 33 exons which encode two gene products, CUX1 and CASP. The locus 
organization is conserved between humans and mice. CUX1 contains 24 exons; CASP 
is spliced from exons 1-14 and 25-33. The CUX1 NM_181552 mRNA exon structure is 
shown with Cux1mid and Cux1low shRNA targeting locations,135 and LoxP recombination 
sites are shown below the genomic locus.136 The p200 CUX1 protein is depicted below 
the exon structure with the four DNA-binding domains; exon length is drawn to scale to 
match the protein. Overlaid is a plot of CUX1 mutations from AACR project GENIE 
disease classes “Leukemia”, “Myelodysplastic Syndromes”, “Myeloproliferative 
Neoplasms”, and “Myelodysplastic/Myeloproliferative Neoplasms”.128 The distribution of 
mutations fits a pattern representative of tumor suppressor genes.57 A plot of CASP is 
shown below CUX1; there is only a single mutation within the CASP exons not shared by 
CUX1. Regions shared by CUX1 and CASP are hatched.  
 
Source: Jotte and McNerney 2022146  
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studied of these three marks, and is associated with negative regulation of gene 

expression and is an abundant component of transcriptionally silent facultative 

heterochromatin.147,148 Originally identified in Drosophila melanogaster, EZH2 forms the 

core of the multi-subunit methyltransferase Polycomb Repressive Complex 2 (PRC2) 

along with EED, SUZ12, and RBBP4 or RBPP7.148 The paralog of EZH2, EZH1, can also 

complex with other polycomb subunits to form PRC2, and there are many accessory 

proteins that can associate with PRC2 to form complex variants.148,149 The polycomb 

proteins are well-conserved in animals and critical for transcriptional repression of 

developmental genes; accordingly, the core subunits of PRC2 are essential for murine 

embryonic development and homozygous loss of either Ezh2-/-, Eed-/-, or Suz12-/- is 

embryonic lethal around gastrulation.150–152 

The role of EZH2 in HSCs is somewhat challenging to dissect, due in part to EZH1 

compensation that maintains a degree of H3K27me3 in Ezh2-null cells.153 Conflicting 

reports of EZH2 function and deletion phenotypes add further complexity: Ezh2 levels 

decrease in aged murine HSCs, and overexpression of Ezh2 can enhance self-renewal 

and repopulating potential,154,155 but loss of PRC2 function via Suz12 inactivation also 

increases HSC self-renewal and repopulation in serial transplantation.156 Ezh2 has been 

reported by multiple groups to be dispensable for adult hematopoiesis in mice,157,158 but 

EZH2 is among the most commonly mutated genes in human hematologic 

malignancies.121 Even within a disease context, Ezh2 loss has been reported to both 

enhance and disrupt MLL-AF9 leukemia at different stages of development.159,160 

The spectrum of EZH2 mutations varies in hematologic disease. In B-cell 

lymphomas, oncogenic point mutations in the catalytic domain result in increased 
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H3K27me3 that represses cell cycle checkpoint genes and impairs B-cell 

differentiation.161–163 This has led to the successful development and implementation of 

EZH2 inhibitors for use in follicular lymphomas.164,165 In contrast, myeloid disease is more 

so characterized by inactivating mutations in EZH2, associated with poor prognosis, 

though overexpression has been reported as well.118,166,167 EZH2 is among the only 7q 

genes with recurrent bi-allelic inactivating mutations, suggesting a canonical tumor 

suppressor role for EZH2 in these diseases.114,168 In cases with chromosome 7 

alterations, bi-allelic mutations are most commonly observed with uniparental disomy; 

‘second hit’ mutations are rare in -7/del(7q).80,113,114 Animal models of Ezh2 loss support 

a tumor suppressive role, as mice with hematopoietic-specific Ezh2 knockout develop 

myelodysplasia and late myelodysplastic disorders.169 Some mice develop T-cell disease, 

likely reflecting the prevalence of inactivating Ezh2 mutations in a subset of T-cell 

leukemias.170 Further, Ezh2 loss accelerates disease development when co-deleted with 

other genetic drivers, including Tet2 and Runx1 in models of MDS.171–173 Intriguingly, 

decreased EZH2 and H3K27me3 levels are observed in approximately half of relapsed 

AML, and pharmacologic and genetic reduction in EZH2 activity induces resistance to 

standard AML therapeutics, implicating EZH2 in drug resistance.174 

Mechanistically, the pathogenesis of EZH2 loss is thought to be driven by de-

repression of PRC2 target genes, particularly the HOX clusters of transcription factors. 

The HOX genes are well-known leukemic oncogenes that are normally repressed during 

hematopoietic differentiation, and inappropriate HOXA9 and HOXA10 expression is 

observed in -7/del(7q) AML and MDS.175–177 Primary AML samples with low EZH2 levels 

display increased HOXA9 and HOXB7 expression, and EZH2 knockdown reduces 
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H3K27me3 in the HOX clusters with subsequent increases in expression.174,178 Of note, 

the HOXA cluster is located on 7p and thus partially lost by a monosomy 7; whether HOX 

de-repression is equivalent in patients with -7 vs del(7q) has not been characterized. 

EZH2 has also been reported to contribute to DNA repair, and is recruited to sites of DNA 

damage.179–181 Loss of EZH2 decreases the efficiency of break repair, which may be 

related to the increased drug resistance phenotypes in AML with reduced EZH2 

levels.181,182 Collectively, there is strong evidence for EZH2 as a mediator of del(7q) 

pathogenesis. 

 

KMT2C and KMT2E 

 The mixed lineage leukemia (MLL) gene family, also known as the lysine N-

methyltransferase 2 (KMT) family, comprises the core enzymatic subunits of the 

COMPASS H3K4 methyltransferase complexes and is frequently disrupted in 

leukemia.183,184 Translocations of KMT2A/MLL1 are numerous in both myeloid and 

lymphoid acute leukemia, and are well-known oncogenic drivers.185 Genomic sequencing 

studies have identified recurrent mutations in KMT2C/MLL3 and KMT2D/MLL4 across a 

variety of hematologic and solid malignancies, with KMT2C being among the most 

frequently mutated genes in cancer.121,183 KMT2C is encoded in the 7q36 CDR, and 

together with KMT2D forms the core and scaffold for the MLL3/4 COMPASS-like complex 

that catalyzes H3K4me1, a histone modification commonly found in enhancer 

regions.186,187 Similar to the Polycomb group proteins, the KMT genes are active during 

development and deficiencies are lethal during embryogenesis or shortly after birth with 

exception of KMT2E/MLL5.183,188 
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 Though KMT2C and KMT2D have overlapping functions, distinct roles have been 

demonstrated for KMT2C deficiency in myeloid disease. Mice expressing catalytically 

inactive Kmt2c, compatible with viability, displayed aberrant myelopoiesis with decreased 

lymphoid output, increased myeloid output, and splenomegaly, but fail to develop frank 

malignancy.189 However, single copy loss of Kmt2c is sufficient to accelerate Trp53-/--

driven leukemogenesis in a transplant setting, supporting a role for Kmt2c as a 

haploinsufficient myeloid TSG.190 Further, Km2tc+/- HSCs exhibit increased self-renewal 

over serial transplant and have a selective advantage after exposure to the alkylating 

agent cyclophosphamide.191 As alkylating agent exposure is linked to t-MN development, 

this finding implicates KMT2C in -7/del(7q) t-MNs.145 KMT2C mutations are also detected 

in relapse samples of pediatric AML, providing additional evidence for KMT2C in 

promoting chemotherapy resistance.192 Similar to CUX1 and EZH2, KMT2C has been 

reported to mediate the DNA damage response and is recruited to sites of damage; cells 

deficient in KMT2C have reduced expression of repair genes, which may provide a 

mechanistic underpinning for increased cell survival in the face of chemotherapy.193,194 

 KMT2E/MLL5, located in the 7q22 CDR, is classified as a KMT family member 

based on sequence homology.195 However, crystallography analysis indicates a lack of 

key residues in the catalytic domain and the protein does not show any histone 

methyltransferase activity in vitro.196 In contrast to other KMT family members, 

homozygous loss of Kmt2e/Mll5 is not embryonic lethal and knockout animals survive to 

adulthood with no gross anatomical abnormalities, though animals are smaller and 

spermatogenesis defects renders males infertile.197–199 Kmt2e loss has relatively mild 

hematopoietic effects, with slightly decreased erythroid output and increased white blood 
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cells; knockout mice are also susceptible to bacterial infection, suggesting a decrease in 

neutrophil function.197–199 Intriguingly, Kmt2e-null cells have severely reduced 

engraftment and repopulating potential in transplant experiments, indicating intrinsic 

HSPC defects. These phenotypes were later linked to an impaired DNA damage 

response, as Kmt2e-deficient HSPCs accumulate DNA damage and reactive oxygen 

species which dampens their functionality.200 

 Collectively, the 7q genes CUX1, EZH2, KMT2C, and KMT2E converge on 

epigenetic modifications and the DNA damage response, ultimately dysregulating 

myelopoiesis. Compounding dysfunction of the pathways moderated by these genes may 

increase cell tolerance to stressful environments and enable persistence and expansion, 

as has been shown for many epigenetic regulators including EZH2.201 Whether 

combinatorial loss of 7q genes acts in an additive or epistatic fashion remains an 

important, unanswered question. 

 

Additional candidate 7q TSGs 

 -7/del(7q) likely deregulates additional cellular pathways involved in myeloid 

disease, including cell signaling, RNA splicing, and energy metabolism. Germline 

mutations in the 7q genes SAMD9 and its paralog SAMD9L, encoded in 7q21, are 

strongly associated with monosomy 7 as well as the multi-system disorder MIRAGE 

syndrome.78,202 These mutations are thought to be gain-of-function as enforced 

overexpression in CD34+ HSPCs interferes with ribosome assembly, suppressing protein 

synthesis and cell growth.203 Intriguingly, patients that develop monosomy 7 often lose 

the chromosome harboring the mutant allele, known as adaptation by aneuploidy, arguing 
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against a tumor suppressive role for SAMD9/SAMD9L.202,204 However, mice deficient in 

Samd9l develop lethal myeloid dysplasia and Samd9l+/- HSPCs display hypersensitivity 

to cytokines, suggesting the gene may have some TSG function.205 Mutations in the 

splicing factor LUC7L2, encoded in the 7q34 CDR, have been identified in CHIP and AML 

with antecedent MDS.206 Splicing factor mutations occur in 50% of over MDS cases but 

are challenging to characterize due to poor overlap of alternative splicing events, thought 

to be the mechanism underlying these mutations.207,208 Two recent studies independently 

reported an unexpected downregulation of glycolysis genes following LUC7L2 loss, with 

subsequent shifting of metabolism toward oxidative phosphorylation.209,210 Both studies 

identify exon skipping as a mechanism of decreased gene expression and link alternative 

splicing events to glucose metabolism, a novel mechanism not previously ascribed to 

splicing factors. Erythropoiesis is also affected by 7q gene deficiencies in addition to 

CUX1, as decreased levels of DOCK4 or ACHE in CD34+ HSPCs reduce erythroid 

differentiation.211,212 

 

7p genes 

Though the majority of implicated chromosome 7 TSGs are located on 7q, some 

genes on 7p promote pathogenic phenotypes when lost. PMS2, encoding a mismatch 

repair endonuclease, is commonly mutated in Lynch syndrome, a hereditary cancer 

predisposition syndrome.213 Pms2-/- murine fibroblasts are deficient in mismatch repair 

and also display low-level resistance to platinum agents, chemotherapeutics that are 

associated with t-MN development.145,213 The transcription factor FOXK1 has also been 

reported to influence the DNA damage response, and FOXK1 knockout cells display 
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diminished DNA repair capabilities after irradiation.214 The aryl hydrocarbon receptor 

(AHR), a nuclear ligand-activated transcription factor, is implicated in the development of 

many cancers and is attributed both oncogenic and tumor suppressive functions.215 AHR 

antagonists increase HSC expansion ex vivo, suggesting AHR-deficient HSCs may 

similarly have a proliferative advantage.216 In line with this, AHR signaling is repressed in 

AML blasts, and administration of an AHR agonist significantly impairs leukemic growth 

and self-renewal.217 The ACTB gene, encoding one of the six different actin proteins, is 

also located on 7p. A major component of the cytoskeleton, actin filaments have also 

been found in the nucleus and promote DNA repair, and inhibition of actin nucleation 

increases the number of double-strand breaks and impairs DNA end-processing.218,219 

Whether 7p genes contribute to -7/del(7q) pathogenesis remains largely unexplored. 

 

7q as a contiguous gene syndrome region 

 A contiguous gene syndrome (CGS) is a genetic disorder caused by large-scale 

chromosomal alterations affecting copy number, leading to dosage imbalance of multiple 

neighboring genes.220 Given the numerous bona fide TSGs and myeloid regulators on 7q, 

it is likely the 7q CDRs function as CGS regions in cancer, similar to those observed on 

5q and 8p.48,55 Several 7q TSGs have functions that converge on similar pathways, 

particularly on the DNA damage response. De-regulation of DNA repair is a common 

thread across human cancer, with numerous cancer predisposition syndromes affecting 

the fidelity of DNA repair including Fanconi anemia and Lynch and Bloom syndromes.221 

Chromosome 7 deletions may therefore enable cells to survive genotoxic stress via 

altered DNA damage recognition and repair, particularly in the development of t-MNs. 
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Though it seems counterintuitive that a decreased capacity for DNA repair confers a 

competitive advantage, the resultant genomic instability can serve as a mechanism to 

generate the genetic diversity that expedites the acquisition of cancer hallmarks.59 

Intriguingly, the overall mutation burden of t-MN is similar to that of de novo AML, though 

signatures from chemotherapy exposure can be detected, suggesting therapy-induced 

mutations are not the primary driver of t-MNs.222,223 Loss of multiple critical 7q TSGs that 

collectively impinge on the DNA damage response may thus be a major factor in the 

etiology of t-MNs. While mechanistic studies of 7q genes have traditionally focused on 

individual genes, studies investigating combined gene deletions are warranted to refine 

the understanding of how -7/del(7q) drives malignancy. 

 

Modeling aneuploidy 

 The biggest challenge to furthering understanding of aneuploidies is developing 

appropriate model systems. Most laboratory techniques to study aneuploidy are based 

on random chromosomal mis-segregation, achieved through pharmacologic or genetic 

disruption to mitotic spindle assembly components.1 Cell lines of interest must be 

karyotyped to identify the chromosomal aberration, but this technique can be of use for 

studying general properties of aneuploidy. Defined aneuploid lines harboring a specific 

alteration can be generated through microcell-mediated transfer of single chromosomes 

to a host cell, but this technique is restricted to modeling trisomies and the resultant cells 

are often karyotypically unstable.224 Inclusion of a selectable marker can allow stable 

propagation, but only a limited number of aneuploidies have been generated through this 
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approach.1 Further, generating lines with multiple abnormalities is challenging and 

precludes studies of complex karyotypes. 

 Studying specific human aneuploidies in animal models is hindered by a lack of 

chromosomal synteny between species. The genes encoded on human chromosome 7 

are located largely on chromosomes 5 and 6 in the mouse;225 consequently, generating 

models of whole-chromosome aneuploidy corresponding to human sequences is 

infeasible. Alternative approaches include Cre-Lox recombination to remove specific 

chromosomal segments, which has been used to engineer two large-scale deletions of 

regions syntenic to the human 7q22 CDR in the mouse.226–228 While this approach can 

inform whether specific regions affect hematopoiesis, variations in patient 7q deletion 

location and lengths make determining boundaries challenging and the rate of Cre-

recombination is quite low.226 Further, haploinsufficiency in the mouse may not fully 

recapitulate phenotypes of human patients – mice with heterozygous loss of a 1.5 Mb 

region corresponding to human 7q22, that includes Cux1 and 27 other genes, display 

largely normal hematologic parameters at >1 year of age.228 As mice with ~90% reduction 

in CUX1 protein display a more severe phenotype than mice with ~50% reduction, 

decreases past 50% may be necessary for some genes.135 Similar observations have 

been made in mice deficient in the hematopoietic transcription factor Sfpi1 (PU.1).229 

  Human inducible pluripotent stem cells (iPSCs) have also been used to study 7q 

deletions, either derived directly from patient samples or engineered to carry large 

deletions.230,231 The use of isogenic controls from the same patient enables direct testing 

of the deletion region to recapitulate disease-associated phenotypes; however, iPSCs are 

difficult to culture and can undergo spontaneous dosage correction that restores the 
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missing chromosome 7 segment to the diploid state.230 Further, engineered deletions are 

still subject to boundary determinations. While iPSCs can have utility for mapping 

disease-associated regions, further experiments are necessary to dissect the 

contributions of specific genes. 

 Combinatorial deletion of multiple genes is an appealing strategy for modeling 

monosomies, as has been used to interrogate 5q and 8p deletions.48,55 These approaches 

circumvent synteny issues, though it becomes prohibitively complex to target more than 

two genes particularly in inducible or tissue-specific shRNA or Cre-based systems. 

Recently, CRISPR-Cas9 has been used to simultaneously target multiple loci on different 

chromosomes to model CHIP.232,233 Up to six genes can be modified in a single cell with 

this technique, more than have been affected with short hairpin approaches.48,232 

Multiplex CRISPR-Cas9-based gene deletion may therefore be a novel means to model 

del(7q) that overcomes the challenges of other approaches. 

 

Critical knowledge gaps to be addressed 

 Much remains to be understood about the contributions of aneuploidy to cancer 

development. Clinical evidence is mounting that chromosome 7 deletions and CUX1 

mutations can be early, driving events in myeloid disease. Though CUX1 is clearly a 

critical 7q TSG, additional 7q genes have been identified that are mutated in cancer and 

yield hematopoietic phenotypes when deleted in mice.121 As no single gene deletion fully 

recapitulates the MDS/AML phenotype, it is essential to innovate new models to 

interrogate combined gene deficiency. It remains to be discovered whether 7q gene 
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deficiencies are additive, epistatic, or even redundant, particularly for genes that act in 

the same molecular pathways.  

 As both chromosome 7 deletions and individual 7q gene mutations have been 

identified in CHIP, uncovering the mechanisms by which loss of chromosome 7 genes 

increase fitness in response to different environmental pressures is a critical outstanding 

question. Emerging data indicate that certain pressures, such as genotoxic therapy, can 

select for CUX1-deficient clones, and this fitness advantage likely corresponds with the 

inherent drug resistance of malignancies arising from these clones.142 This premise is 

further supported by the prevalence of -7/del(7q) in t-MN and association with poor 

prognosis in many diseases, as well as the identification of 7q gene mutations in relapsed 

patients.174,192 The advent of high-throughput genomics and plethora of genome-wide 

screens may also serve as powerful tools to identify candidate genes driving drug 

resistance, in tandem with patient mutational data. Collectively, this work aims to assess 

the feasibility of a multiplex CRISPR-Cas9-based approach to model aneuploidy in 

piecewise fashion, in the context of -7/del(7q). Establishing a model of del(7q) clonal 

hematopoiesis and drug resistance will shed light on how these deletions contribute to 

the pathogenesis of high-risk myeloid disease, and test the idea of 7q as a CGS region. 

Further, our CRISPR-based methodology may serve as a tractable framework for 

interrogating other recurrent aneuploid events more broadly in cancer. 
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Table 1: 7q genes Implicated in Myeloid Disease Based on Clinical and Experimental Data 
Gene Name 
(location) Cellular Function Cellular Deletion 

Phenotype 
Hematopoietic Murine 
Deletion Phenotype Clinical Associations 

SAMD9/SAMD9L 
 (7q21.1) 

Endosomal fusion 
protein; terminates 
surface receptor 

signaling205 

Persistent cytokine 
receptor signaling and 

hypersensitivity205 

Enhanced HSC colony-
forming potential and in 

vivo reconstitution205 

Germline activating 
mutations cause 

MIRAGE syndrome202 

Regulates protein 
synthesis203 

Gain of function 
mutations disrupt 

ribosome assembly203 

Late MDS in germline +/- 
and -/- mice205 

Mutant allele lost through 
-7 via adaptation by 
aneuploidy78,202,204 

ACHE 
(7q22.1)  

CDR 

Hydrolyzes 
acetylcholine; 

linked to stress 
hematopoiesis234 

Enhanced proliferation, 
decreased apoptosis in 

mouse bone marrow 
cultures235 

Increased neutrophil cell 
number in +/- mice236 None reported 

 
Impaired erythroid 
differentiation in 

human CD34+ cells212 
  

CUX1  
(7q22.1) 

CDR 

Homeobox 
transcription 

factor137 

Enhanced proliferation, 
activation of AKT 

signaling135 

Cux1mid: monocytosis 
Cux1low: monocytosis 
and lethal anemia135 

Significantly decreased 
expression in -7/del(7q) 

leukemias237 

Recruited to DNA 
DSB, interacts with 

EHMT2 methyl-
transferase142 

Decreased apoptosis 
in hematopoietic 

progenitors136 

Hematopoietic-specific 
+/- mice: increased 
mean RBC volume 

-/- mice: monocytosis 
and anemia136 

Inactivating mutations 
found in MDS, AML, and 

MDS/MPN-overlap 
syndromes126,127,238 

Interacts with BAF 
complex in HSCs 
to open chromatin 
at enhancers139 

Impaired DNA damage 
response142 

Cux1low and -/- mice 
develop MDS/MPN-like 

disease135,136 

Inactivating mutations 
associated with poor 

prognosis in MDS126,127 

  
Cux1low mice treated 

with ENU develop rapid, 
fatal t-MN142 
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Table 1 continued  
RASA4  
(7q22.1) 

CDR 

RAS GTPase-
activating 
protein239 

Elevated Erk 
phosphorylation after 
FcyR stimulation239 

No overt disease; 
germline -/- mice have 
impaired macrophage 

phagocytosis239 

Promoter 
hypermethylation in 

JMML240 

KMT2E  
(7q22.3) 

CDR 

Epigenetic 
regulator, capable 
of binding H3K4 
methylation196 

Cell cycle arrest in 
lung fibroblasts and 
colon cancer cells241 

No overt disease; 
impaired neutrophil 

maturation, decreased 
RBC and hematocrit in 
germline -/- mice197–199 

High expression linked to 
favorable outcome in 

cytogenetically normal 
AML242 

Reported 
catalytically 
inactive196 

Increased ROS, 
impaired DNA damage 
response in +/- and -/- 

hematopoietic 
progenitors200 

Mild thymocyte and 
splenocyte reduction, 
decreased RBC and 
hematocrit, increased 

RBC distribution width in 
germline +/- mice197,236 

 

DOCK4  
(7q31.1) 

GTPase 
activator211,243 

RBC cytoskeletal 
defects, erythroid 

dysplasia in human 
CD34+ cells211,243 

No reported 
hematopoietic 

phenotype in germline  
-/- mice236,244 

Significantly decreased 
expression in MDS, 
linked to decreased 
overall survival211,243 

MKLN1  
(7q32.3) 

Organization of  
F-actin 

networks245,246 

Decreased retrograde 
intracellular transport 

in neurons246 

No reported 
hematopoietic 

phenotype in germline 
+/- or -/- mice246 

Linked to inherited 
predisposition for MPN247 

  
 
 

  

Mutations observed in 
relapsed pediatric AML192 

TRIM24  
(7q33) 

RING-domain E3 
ubiquitin ligase; 
nuclear receptor 
co-regulator248,249 

Increased proliferation 
in human CD34+ cells, 
decreased proliferation 
in AML cell lines212,250 

Germline -/- mice 
develop HCC but have 

no hematopoietic 
phenotype251 

High expression in AML 
reported, linked to poor 

survival250  

Targets p53 for 
degradation252 

Reduced DSB repair 
complex recruitment253 

**conflicting evidence for TRIM24 as hematopoietic 
oncogene or TSG** 
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Table 1 continued 

HIPK2  
(7q34) 
CDR 

Serine and 
threonine nuclear 

kinase254–256 

Decreased p53 
activation and 

apoptosis in breast 
cancer cells254 

No reported 
hematopoietic 

phenotype in germline  
-/- mice236,257 

Low frequency missense 
mutations in MDS and 

AML256 

Phosphorylates 
p53 to activate 
apoptosis254 

Decreased erythroid 
differentiation and 

expansion in human 
CD34+ cells230 

  

 
Increased cisplatin 
resistance in colon 

cancer and lung 
cancer cell lines255 

  

LUC7L2 
(7q34) 
CDR 

Splicing factor, co-
localizes with U1 
snRNP113,209,210 

Altered splicing in AML 
and cervical cancer 

cell lines209,210 

No overt disease; 
Increased platelet 
volume in germline  

+/- mice236 

Heterozygous inactivating 
mutations observed in 
MDS and AML113,206 

 

Decreased expression 
of glycolysis genes; 

metabolic shift to OX-
PHOS in AML and 

cervical cancer  
cell lines209,210 

No reported 
hematopoietic 

phenotype in other 
germline -/- mice258 

Decreased expression 
linked to reduced survival 

in MDS113,206 

ATP6V0E2 
(7q36.1) 

CDR 
Intracellular proton 

pump230 

Decreased erythroid 
differentiation and 

expansion in human 
CD34+ cells230 

None reported None reported 

CUL1  
(7q36.1) 

CDR 

E3 ubiquitin ligase; 
transcriptional 

repressor259–261 

Increased transcription 
of c-MYC target 

genes261 

Germline -/- is 
embryonic lethal259 

Mutations observed in 
myeloid neoplasms113 

  
  

Deletion in T-cell lineage 
yields T-cell 

lymphomas260 
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Table 1 continued 

EZH2  
(7q36.1) 

CDR 

Catalytic 
component of 

PRC2, methylates 
H3K27147 

Decreased H3K27 
methylation; partial 
compensation by 

EZH1153,169 

Conditional knockout 
mice observed up to 30 
weeks do not develop 

myeloid disease262 

Mono-allelic and bi-allelic 
inactivating mutations 
observed in myeloid 

disease80,114,168 

Gene silencing, 
developmental 

gene repression148 
 

Transplant recipients of 
Ezh2-/- cells develop 

mixed disease, including 
T-cell lymphoma and 

late MDS169,172 

Inactivating mutations 
linked to poor prognosis 
in MDS, drug resistance 

in AML118,167,174 

KMT2C 
(7q36.1) 

CDR 

H3K4 
methyltransferase, 
core component of 

COMPASS 
complex184 

Decreased H3K4me1 
at some enhancer 

regions; compensation 
by KMT2D187,191 

No overt disease; 
increased HSC number 

and self-renewal, 
splenomegaly in 

hematopoietic-specific 
and germline +/- and  

-/- mice191,236 

Mutations observed in 
AML, possibly over-
represented due to 

pseudogene189,190,263 

Recruited to DNA 
DSBs193 

Decreased expression 
of DNA damage 

response genes in 
bladder cancer cells194 

Mono-allelic knockout 
accelerates shNf1, 

Trp53-/--driven 
leukemogenesis190 

Mutations observed in 
relapsed pediatric AML192 

  
Selective advantage in 
+/- and -/- HSCs after 

chemotherapy191 
 

 
Abbreviations: +/- heterozygous deletion; -/- homozygous deletion; AML, acute myeloid leukemia; DSB, double-strand 
break; HCC, hepatocellular carcinoma; HSC, hematopoietic stem cell; JMML, juvenile myelomonocytic leukemia; MDS, 
myelodysplastic syndrome; MPN, myeloproliferative neoplasm; OX-PHOS, oxidative phosphorylation; PRC2, Polycomb 
Repressive Complex 2; RBC, red blood cell; t-MN, therapy-related myeloid neoplasm. 
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MATERIALS AND METHODS 

In silico data mining and patient deletion alignment 

Nine genome-wide CRISPR knockout screens for resistance against cisplatin, 

doxorubicin, or etoposide were downloaded from the Biological General Repository for 

Interaction Datasets open repository of CRISPR screens (BioGRID ORCS).264–273 For 

each screen, we identified genes with positive z-scores above background, indicating 

increased drug resistance after gene deletion, then narrowed this list to only chromosome 

7 genes expressed in human hematopoietic stem cells.135 We further subsetted to only 

genes located in 7q CDRs, then entered the final list of 39 candidates into the Molecular 

Signatures Database (mSigDB) to identify relevant functional pathways.274 Patient SNP 

array data from the TCGA PanCancer Atlas275 was accessed from cBioPortal 

(cbioportal.org/datasets);276 data from the University of Chicago was accessed through 

GEO, accession number GSE42482. Data were visualized with Integrated Genome 

Viewer version 2.277 

 

Mouse models 

All animal studies were approved by the University of Chicago Institutional Animal 

Care and Use Committee. Mice were housed in specific pathogen-free animal care 

facilities at the University of Chicago, accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care. Mice were housed separately by sex with up to 

five mice per cage. Mice of both sexes were used in all experiments. Mice harboring short 

hairpin RNA (shRNA) targeting either Cux1 (shCux1) or renilla luciferase as a control 

(shCtrl) mice were generated as previously described;135 briefly, a second-generation 
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reverse tet-transactivator (M2rtTA) expressed from the endogenous Rosa26 promoter 

activates expression of shCux1 or shCtrl, downstream of the Col1a1 locus, as well as 

GFP. Mice were genotyped by tail clip, and mice used were either rtTA-

M2tg/tg;Col1a1shCux1/WT or rtTA-M2tg/tg;Col1a1shRen/WT littermate controls, on a mixed 

C57BL/6 x 129/Sv background. The transgene was induced by keeping mice on a 

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

age-matched, sex-matched, littermate adult mice aged 6-12 weeks were used. 

 

Cell transfection and culture 

CRISPR guide RNAs were designed by intersecting the top hits from the Synthego 

CRISPR design tool and the sgRNA Designer by the Broad Institute. We selected guides 

that targeted early exons or functional domains to maximize chances of generating a 

nonfunctional protein. We transfected cells with Cas9:gRNA ribonucleoprotein (RNP) 

complexes using the NEON transfection system (ThermoFisher). Cas9:gRNA complexes 

were assembled by mixing guide RNA with Cas9-2NLS protein (Synthego) in a 3:1 molar 

ratio and incubating at room temperature for 15-30 minutes.278,279 For multiplex 

transfections, we used equal amounts of guide RNA for each targeted gene while 

maintaining the 3:1 molar ratio with Cas9. We electroporated 2x105 - 1x106 cells with the 

RNP mixture using the conditions: 1650 volts, 35 ms, 1 pulse for human U937 cells; 1900 

volts, 20 ms, 1 pulse for mouse c-kit+ HSPCs. Cells were cultured in media for 2-5 days 

post-transfection before isolating DNA and performing Sanger sequencing of the gRNA 

cut site. PCR amplification was performed using Quick TaqTM HS Dye master mix 

(Diagnocene). Sequencing was performed by the University of Chicago DNA Sequencing 
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Facility, and sequencing traces were aligned using the Synthego Inference of CRISPR 

Edits (ICE) tool to determine CRISPR editing and gene knockout efficiencies. A table of 

guide RNAs and primers is provided in Table 2.  

U937 cells were grown in RPMI 1640 media supplemented with 10% fetal bovine 

serum (R&D systems) and 1% antibiotic/antimycotic (Gibco). Single cell clones were 

generated from the transfection pool and clonality was confirmed with Sanger sequencing 

and western blotting. Mouse HSPCs were grown on fibronectin-coated plates (StemCell 

Technologies) with either SFEM base media (StemCell Technologies) supplemented with 

50 ng/mL murine SCF, FLT-3 ligand, and TPO135 (PeproTech), or Ham’s F12 nutrient mix 

(Gibco) supplemented with 10 mM HEPES, 1x Insulin-Transferrin-Selenium-

Ethanolamine, 1 mg/mL polyvinyl alcohol, 1x penicillin-streptomycin-glutamine, 100 

ng/mL TPO, and 10 ng/mL SCF.280 In both cases media was supplemented with 1.5 µg/mL 

doxycycline to induce shRNA against Cux1 or renilla luciferase. 

 

Western blot for protein knockout 

Protein lysate was generated by isolating up to 1x106 cells, washing once with 1X 

PBS, and lysing in RIPA buffer with EDTA and protease/phosphatase inhibitor for one 

hour at 4˚C. Lysates were spun at 15,000g for 20 minutes, and the supernatant was 

resuspended in loading buffer with β-mercaptoethanol and boiled for 5 minutes. Equal 

volumes of lysate were loaded onto a 4-15% gradient polyacrylamide gel (BioRAD), run 

at 20 mA until separated, and transferred to a PVDF membrane for 90 minutes at 150 

mA. All primary antibodies were used at 1:1000 dilution, except antibodies probing 

histones which were used at 1:10,000 dilution. Secondary antibodies were used at a 
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1:2000 dilution. A table of antibodies used is provided in Table 3. A second CUX1-specific 

antibody was used and generated as follows: Rabbit polyclonal antibodies recognizing 

the C-terminal amino acids 1223-1242 of CUX1 (CEPPSVGTEYSQGASPQPQH) were 

generated and affinity purified by the Pocono Rabbit Farm and Laboratory (Canadensis, 

PA).  

 

Bone marrow transplant  

HSPCs were isolated from littermate shCtrl and shCux1 donors using a MACS 

column after incubation with CD117 microbeads (Miltenyi Biotec). After resting in an 

incubator for 2-3 hours, 2x105 - 1x106 c-kit+ HSPCs were electroporated with RNPs 

targeting genes of interest and cultured as described above. Two days post-

electroporation, cells were collected, washed once with 1X PBS, and mixed at a 1:2 ratio 

with RBC-depleted helper marrow (C57BL/6, CD45.1). Recipient mice (C57BL/6, 

CD45.1) aged 6-10 weeks were lethally irradiated (γ-irradiation, 8.5 Gy), anesthetized 

with isoflurane four hours later (4% vaporized in O2), and transplanted retro-orbitally. Mice 

were monitored post-transplant until anesthetic wore off. Recipient mice were 

immediately shifted to doxycycline-containing chow to maintain shRNA induction. 

 

Tracking gene knockout in peripheral blood and tissues 

After a three-week initial engraftment period, serial blood samples were collected 

every four weeks from the submandibular vein and subjected to complete blood count, 

flow cytometry, and DNA sequencing analyses. Complete blood counts were obtained 

using a Hemavet 950 counter (CDC Technologies, Oxford, CT). For flow cytometry, 50 uL 
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of peripheral blood was incubated with a murine Fc receptor blocking agent (Invitrogen) 

for 10 minutes, then RBCs were lysed with 1X BD FACS Lysis buffer (BD Biosciences) 

for 20 minutes before washing and resuspension with a staining antibody cocktail for 30 

minutes on ice (CD45.2, CD45.1, CD11b, CD3e, B220, Gr-1). For autopsy analyses, bone 

marrow and spleen samples were RBC-depleted with ACK lysis buffer (StemCell 

Technologies) for 5 minutes before Fc receptor blocking and staining with biotin-

conjugated lineage markers for 20 minutes on ice. Cells were washed and resuspended 

with a staining antibody cocktail for 30 minutes on ice before sample acquisition (CD45.1, 

CD45.2, CD4, CD8, CD11b, CD3e, B220, Gr-1, CD117, Sca-1, CD34, CD150, CD48). A 

complete list of flow cytometry antibodies used is provided in Table 4. DNA was isolated 

from peripheral blood mononuclear cells and hematopoietic tissues at autopsy using the 

Wizard Genomic DNA Purification kit (Promega) according to the manufacturer 

instructions. PCR amplification of the gRNA cut site, Sanger sequencing, and sequencing 

trace alignment was performed as described above.  

 

Inhibitors, drugs, and DNA damage treatment 

Daunorubicin HCL was purchased from Selleck Chem, and etoposide was 

purchased from Sigma Aldrich. The EZH2 inhibitors tazemetostat (EPZ-6438) and 

GSK126 were purchased from Fisher Scientific. All compounds were dissolved in DMSO 

and added to cells in culture for the indicated times. All primary cell experiments utilized 

0.01% DMSO. Cell line experiments utilized 1% DMSO. N-Ethyl-N-Nitrosourea (ENU) 

was purchased from Sigma Aldrich and dissolved in 10% ethanol and 90% PBS to 100 

mg/mL. ENU was added to cells in culture (0.025 mg/mL) for the indicated times, or 
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administered intraperitoneally to mice at 100 mg/kg. For experiments with irradiation, DNA 

damage was induced by exposure to a 60Co source (MDS Nordion). Dosage rates varied 

between 70.29 cGy/min and 75.33 cGy/min depending on the experiment date. Non-

irradiated samples were mock irradiated, and cells were allowed to recover in an 

incubator for allotted time before use.  

 

Dose-response curves and cell viability assays with daunorubicin and etoposide 

For initial viability assays, 1x105 U937 7q knockout or control HPRT cells were 

seeded per well in a 48-well plate and cultured with 3 nM daunorubicin, 50 nM etoposide, 

or DMSO vehicle control for 72 hours. For dose-response curves with daunorubicin and 

etoposide, 1x104 U937 cells were seeded per well in a 96-well plate and cultured with 

increasing doses of either compound for 72 hours. Viability in both assays was assessed 

with the CellTiter-Glo 2.0 Cell Viability Assay (Promega). Equal volumes of cells and 

reagent were mixed in 96-well white-walled plate and imaged on a BioTek Synergy 2 

analyzer. Assays were performed in at least triplicate with 2-3 technical replicates per 

experiment. To assess replicative capacity after culture with daunorubicin, equal numbers 

of viable cells were taken from vehicle and daunorubicin-treated wells, washed with warm 

media, and re-seeded at 1 cell per well to 96-well plates. The number of wells that formed 

colonies with ≥50 cells after 2 weeks was scored and normalized to vehicle plates. 

Apoptosis after culture with daunorubicin was measured by washing cells with Annexin V 

binding buffer, then staining with Annexin V-APC (Biolegend) at a 1:50 dilution for 30 

minutes on ice. Cells were resuspended with 7-AAD viability solution (Biolegend) for 15 

minutes before flow cytometry acquisition. 
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Table 2: Guide RNAs and Primers 
Gene Species gRNA sequence Forward primer (5’ -> 3’) Reverse primer (5’ -> 3’) 

EZH2 Human Exon 3 ACAGAAGUCAGGA
UGUGCAC 

AAAGATGGACACCCTG
AGGTC 

GGATGGCAATCGTTTC
CTGT 

Ezh2 Mouse Exon 7 UUAUCAGCAGGAAA
UUUCCG 

AACTGAGGTACACTGCA
GAAGAG 

AGTGCGTCATCCTGGT
CATAC 

KMT2C Human Exon 3 GACACAGAUCGCU
GAAGAGU 

TAGTGTGCTGCCCTGCT
CTA 

GCGGTAGAGAATAAAG
ATGCACA 

Kmt2c Mouse Exon 3 AGAAAUCAAAGAAC
AAUCUG 

GGAAGCATACTGCCAT
CCAGA 

ACGTTGACCTCAAGGC
ACAG 

KMT2E Human Exon 6 GGCAACAUAUUGA
CUGCAUG 

CCCAAACGAGGTTCGA
GTCA 

ACCATGCCCGGCTGTG
ATTC 

Kmt2e* Mouse Exon 10 GUGAUACACACCU
CUACAGG 

GGGTTCAGCACCAGAA
ATTGA 

TGCTTCAAACTGTTCTC
TCAGC 

Actb Mouse Intron 5 AGGUUGCUCUGAC
AACCACA 

CGCCTTCACCGTTCCA
GTTT 

GTGACAAAACTCCTGA
GGCCATA 

CUX1 Human Exon 4 UGCACUGAGUAAAA
GAAGCA 

CCCTCCTAGACCCTGA
GCTT 

TTCATGTGTCCTGCAC
TCCC 

HRPT Human Intron 2 GCAUUUCUCAGUC
CUAAACA 

AACATCAGCAGCTGTTC
TGAGTA 

TGCATAGCCAGTGCTT
GAGAA 

PPM1D Human Exon 6 GAAGGCAUUGCUA
CGAACCA 

TGCATAGATTTGTTGAG
TTCTGG 

TGGTTCTGGATCTTTT
GAGGGT 

Luc7l2 Mouse Exon 2 AACCACATACTGTT
CCAGAA 

CTGGGGTTCAGTGGGG
ATTC 

TGACCCTGTGAGAACA
TGCC 

Rasa4 Mouse Exon 6 TTAGCACCAAAAGA
TCGGAA 

ATTCTTCCGCTCATCCA
CGG 

TGCCACGCTCTTCAGA
TGAT 

Samd9l Mouse Exon 2 TGATGTGGTGACTA
AAGACA 

CCCTGTCTCAGCAACAC
GTA 

ACAGTGATCATGGTCT
CAGGG 

 
* Denotes guide RNA used in multiplex-editing experiments 
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Table 3: Western Blotting and Immunofluorescence Antibodies 
Protein Catalog number Supplier 

CUX1 ABE217 Millipore 

EZH2 3147S Cell Signaling 

KMT2C 53641 Cell Signaling 

KMT2E Sc-377182 Santa Cruz 

ACTB-HRP Sc-47778 HRP Santa Cruz 

HSC70-HRP Sc-7298 HRP Santa Cruz 

H3K27me3 9733S Cell Signaling 

Total H3 Ab1791 Abcam 

Anti-rabbit IgG-HRP 7074S Cell Signaling 

Anti-mouse IgG-HRP 7076S Cell Signaling 

H2AX pS139 (Rb) 9718S Cell Signaling 

H2AX pS139 (Ms) 05-636 Millipore 

53BP1 PA5-17578 ThermoFisher 

Anti-rabbit AF647 SAB4600177 Millipore 

Anti-mouse AF488 SAB4600387 Millipore 
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Table 4: Flow Cytometry Antibodies 
Target Clone Fluorophore(s) 

CD45.1 A20 PE, BUV-395 

CD45.2 104 APC, BUV737 

B220 RA3-6B2 PerCP-Cy5.5, Biotin-conjugated 

CD3e 145-2C11 BUV-737, Biotin-conjugated 

CD11b M1/70 APC-Cy7, Biotin-conjugated 

Gr1 RB6-8C5 PE, Biotin-conjugated 

CD19 1D3 Biotin-conjugated 

Ter119 TER-119 Biotin-conjugated 

CD5 53-7.3 Biotin-conjugated 

Streptavidin  BUV-737, BUV-395 

CD4 GK1.5 PE 

CD8 53-6.7 APC 

CD117 2B8 APC-Cy7 

Sca-1 D7 PE-Cy7, APC-Cy7 

CD34 RAM34 APC 

CD48 HM48-1 PerCP-Cy5.5 

CD150 Q38-480 PE 
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Colony forming assays 

For primary cell colony-forming assays, 2x103 cells were mixed with MethoCult 

M3434 containing drug or vehicle, and plated in a 6-well plate or 10-cm dish for passage 

1. Each condition was plated in at least duplicates. M3434 was supplemented with 1.5 

µg/mL doxycycline to induce shRNA expression, and with the EZH2 inhibitors 

tazemetostat or GSK126 where indicated. After seven days, total colonies were manually 

scored and wells were scraped, pooled, and total cell number counted. Up to 1x104 cells 

were re-seeded for subsequent passages without additional drug or vehicle, and scored 

as in passage 1 after 10-12 days. Colony size was assayed by imaging culture wells in a 

Bio-Rad ChemiDoc XRS+ imaging system or on a wide-field microscope with a 4x 

objective, fitting polygons to colonies in ImageJ, and measuring area. All colony areas 

were then normalized to the average area of shCtrl colonies to generate relative area 

distributions. 

 

RNA-Sequencing 

 c-kit+ bone marrow cells were isolated from adult shCtrl and shCux1 mice. For 

sequencing replicates with ENU, cells were pre-cultured on 24-well fibronectin-coated 

plates with doxycycline to induce shRNA and tazemetostat to inhibit EZH2 activity for four 

days, then media was replenished and supplemented with 0.025 mg/mL ENU for 72 hours 

to induce DNA damage. For sequencing replicates in the absence of ENU, cells were 

transfected with RNPs targeting Ezh2, Kmt2c, or an intron of Actb as a control and 

cultured on 24-well fibronectin-coated plates with doxycycline to induce shRNA for five 

days. In both experiments, Lineage-, Sca-1+, c-kit+ (LSK) cells were sorted on a FACSAria 
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Fusion running FACSDiva (Special Order Research Product, BD Biosciences), equipped 

with 18 detectors and 355 nM, 405nM, 488 nM, 561 nM, and 640 nM lasers, directly into 

TRIzol. RNA was purified with the RNeasy Micro Kit (Qiagen) and libraries were prepared 

by the University of Chicago Genomics Facility. Three to four biological replicates were 

performed.  

 Barcoded libraries were sequenced with Illumina (NovaSEQ-6000) to generate 50-

bp paired end reads. Technical replicate fastq files were concatenated and reads were 

aligned using STAR.281 Differential gene expression analysis across all genotypes was 

performed using DESeq2,282 with a negative binomial general linearized model fitting and 

Wald statistics used to generate p values, which were adjusted with the Benjamini-

Hochberg method. Pairwise differential gene expression analyses between genotypes, 

for the purpose of Gene Set Enrichment Analysis (GSEA)283, were performed using 

EdgeR,284 with a negative binomial general linearized model fitting and an exact test, 

analogous to Fisher’s exact test, used to generate p values, which were adjusted with the 

Benjamini-Hochberg method. The data discussed in this work are deposited in the NCBI 

Gene Expression Omnibus285 and are accessible through with the GEO Series Accession 

number GSE266586. 

 

γH2AX and neutral comet electrophoresis assays 

 c-kit+ bone marrow cells were isolated from adult shCtrl and shCux1 mice, and 

cultured for five days with doxycycline and tazemetostat or vehicle to induce Cux1 

knockdown and EZH2 inhibition. Cells were irradiated (2 Gy) or mock irradiated, and 

collected at one- and four-hours post-IR. Lineage-negative cells were gated. Clonal U937 



 47 

populations were irradiated (6 Gy) or mock irradiated, and collected at the time points 

indicated. Cells were fixed and permeabilized with the eBioscience FoxP3 Transcription 

Factor Staining Buffer set (ThermoFisher) and stained 1:50 with mouse anti-H2AX 

(pS139)-AlexaFluor-647 antibody (clone N1-430, BD Biosciences).  

 For single-cell comet electrophoresis assays, c-kit+ bone marrow cells were 

isolated from adult shCtrl and shCux1 mice and cultured for five days with doxycycline 

and tazemetostat or vehicle to induce Cux1 knockdown and EZH2 inhibition. Cells were 

irradiated (2 Gy) or mock irradiated, and embedded in 1% low melting point agarose 

(Invitrogen) at the indicated time points. Comet assays were performed with the Trevigen 

Comet Kit using the manufacturer instructions with the following modifications: Cells were 

embedded at 2x density, electrophoresis was run at 21 V for 30 minutes, and comets 

were stained with SYBR Green rather than SYBR Gold. Images of comet slides were 

taken on a wide-field microscope with a 20 X air objective. Images were analyzed with 

the OpenComet software plug-in on ImageJ.286 

 

Immunofluorescence micrographs 

 For imaging experiments, round #1 cover slips were pre-treated with 0.1% poly-L-

lysine for 12 hours and placed in a 24-well plate. 5x105 U937 cells were seeded on each 

cover slip and allowed to settle for 12-16 hours. Irradiation was performed in situ. Cells 

were fixed by incubating with 4% paraformaldehyde (v/v) for 20 minutes at room 

temperature, washed three times with 1X PBS, and permeabilized with 0.1% Triton-X-

100 in PBS for 15 minutes at room temperature. Cells were washed three times with 1X 

PBS, then blocked with 10% goat serum in PBS for 1 hour at room temperature. Primary 
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antibodies were diluted in 10% goat serum at the following concentrations: 53BP1 1:50, 

H2AX pS139 1:100, H3K27me3 1:5000. Coverslips were incubated overnight at 4˚C in 

primary antibodies, then washed three times with 1% goat serum in PBS. Secondary 

antibodies were diluted in 10% goat serum at 1:3000 for anti-rabbit AF647 and 1:1000 for 

anti-mouse AF488, and coverslips were incubated with secondary antibody for 2 hours at 

room temperature, away from light. Coverslips were washed three times with 1% goat 

serum in PBS, then stained for 10 minutes at room temperature with DAPI at 300 ng/mL 

in 1% goat serum, away from light. Coverslips were mounted on slides with ProLong Gold 

(Invitrogen), visualized with Zeiss Observer 7 microscope with a 63X oil objective, and 

pseudo-colored. 3 biological replicates were performed for each replicate and ≥50 cells 

were imaged per genotype per replicate. 

 

Immunofluorescence image analysis 

 Foci counting was performed in ImageJ by thresholding and segmenting nuclei, 

then counting foci in each nucleus via a thresholding and FindMaxima routine. Foci 

intensity analysis was performed by segmenting the foci as above, then measuring the 

MFI of each focus. Foci within each nucleus were then grouped, and the mean Foci-MFI 

values for each nucleus were reported. H3K27me3 intensity was calculated by 

thresholding and segmenting nuclei, then measuring the MFI of H3K27me3 within each 

nucleus after background subtraction. 
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Histology 

 Tissues were fixed in 10% formalin, embedded in paraffin, sectioned at 4 µm, and 

stained with hematoxylin and eosin. Images were taken on a wide-field microscope with 

a 4 X air objective. 

 

Data availability and statistical analysis 

 All statistical tests were conducted as indicated and all plots show biological 

replicates unless otherwise indicated. Tests were performed in GraphPad Prism version 

10.2.2 or within R Studio for RNA-sequencing FDR value calculation. Significance testing 

was performed as described in the figure legends, with significance denoted for all plots 

as: ns, p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001. Box plots show min-to-max values 

with a line at the mean. RNA-sequencing heatmaps were generated in R Studio using 

pheatmap. All R code for data generation, analysis, and plotting is available upon request.  
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RESULTS: DEFINING THE PATHOGENESIS OF DEL(7q) IN HEMATOPOIETIC STEM 

CELLS 

Introduction 

 Aneuploid karyotypes are prevalent in human cancer, with over 90% of solid and 

75% of hematopoietic malignancies deviating from the balanced complement of 46 

chromosomes.34 Large-scale gain or loss of chromosomal material alters the dosage of 

hundreds to thousands of genes, affecting multiple cellular processes including protein 

homeostasis, metabolism, and proliferation.2–4 Despite this pervasiveness, the 

pathogenesis of recurrent aneuploidies remains largely unclear, in part due to a paucity 

of model systems. Isolated aneuploidies, particularly monosomies, are challenging to 

generate and often unstable in cell culture systems,230,287 and the lack of chromosomal 

synteny between humans and animal species is a barrier to developing animal models of 

aneuploidy.121,227,287 

 Loss of all or part of chromosome 7 [-7/del(7q)] is recurrent in high-risk myeloid 

malignancies, including pediatric and adult myelodysplastic syndrome (MDS) and acute 

myeloid leukemia (AML), and is associated with a poor prognosis.76–78 Strikingly,  

-7/del(7q) occurs in up to 50% of therapy-related myeloid neoplasms (t-MN), also referred 

to as myeloid neoplasms post-cytotoxic therapy, high-risk malignancies which arise after 

prior exposure to chemotherapy or radiation.79,288,289 Recently, chromosomal alterations 

have also been identified in clonal hematopoiesis, and del(7q) clonal hematopoiesis is 

associated with increased risk of developing myeloid disease.94,96,111,112 As clonal 

hematopoiesis is associated with increased risk of t-MN development,95,115 these 

observations suggest a model in which a pre-existing clonal population is selected for by 
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radiation and/or chemotherapy, and subsequently expands and transforms to t-MN. This 

may also contribute to the inherent drug resistance of t-MNs, as the initiating population 

has already undergone selection for increased fitness under genotoxic pressure.121 

 Decades of work have identified multiple candidate tumor suppressor genes 

(TSGs) within commonly deleted regions (CDR) of 7q.74,85,121,146 Our lab identified the 

homeobox transcription factor CUX1, encoded in the 7q22 CDR, as a potent 

haploinsufficient TSG.237 Cux1 deficiency induces MDS with a lethal anemia, and Cux1-

deficient cells are rapidly selected for after alkylating agent exposure and found t-MNs, 

providing multiple lines of evidence that even this single 7q gene deficiency can drive 

disease development.135,136,142 However, additional 7q TSGs have hematopoietic deletion 

phenotypes and the effects, if any, of combinatorial 7q gene deletions on disease 

pathogenesis and drug resistance remain unclear.  

 In this study, we develop a murine model of del(7q) clonal hematopoiesis and drug 

resistance by simultaneously inactivating up to four 7q gene candidates (Cux1, Ezh2, 

Kmt2c, and Kmt2e) in hematopoietic stem cells (HSCs) using multiplex CRISPR-Cas9 

editing. We observe significant myeloid expansion of clones edited for Cux1 and Ezh2, 

which is rapidly accelerated upon chemotherapy exposure. Cux1;Ezh2-deficient cells 

also display reduced sensitivity to the AML therapeutic daunorubicin, linking these 7q 

genes to the drug resistance characteristic of t-MNs. Mechanistically, Cux1;Ezh2-deficient 

cells have a profoundly impaired DNA damage response (DDR) after genotoxic stress, 

with compounding perturbations to double-strand break recognition and repair. Overall, 

our data reveal a genetic interaction between CUX1 and EZH2 loss, and support the 

concept of 7q as a contiguous gene syndrome region whereby collective loss of multiple 
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TSGs promotes disease pathogenesis and drug resistance. Further, our CRISPR-based 

approach may serve as a tractable framework for interrogating recurrent aneuploid events 

more broadly in cancer.  

 

In silico data mining identifies chromatin modifiers as candidate 7q genes 

modulating drug resistance 

 Previous work from our lab demonstrated a role for the 7q gene CUX1 in 

chemotherapy-resistance and epigenetic-driven DNA repair.142 To identify additional 

chromosome 7 genes that may modulate chemotherapy resistance, we leveraged publicly 

available genome-wide CRISPR-Cas9 knockout screens for chemotherapy resistance. 

We mined nine screens available on BioGRID for resistance to etoposide and cisplatin, 

chemotherapeutics which are associated with t-MN development, and anthracyclines, 

used in the treatment of de novo AML and t-MN.121 These screens were conducted in 

human cell lines derived from both myeloid leukemias and solid tumors. Within each 

screen, we first identified any chromosome 7 gene in which targeting gRNAs were 

enriched in drug-treated cells compared to vehicle, then narrowed to genes expressed in 

CD34+ HSCs. This yielded 113 genes in aggregate, which we then filtered to genes 

located in 7q CDRs, resulting in 39 gene candidates (Table 5). Pathway analysis 

demonstrated significant enrichment for transcriptional co-regulators and chromatin-

modifying enzymes, notably the histone modifiers EZH2, KMT2C/MLL3, and 

KMT2E/MLL5 (Figure 2A). Loss of EZH2, encoding the catalytic component of the H3K27 

methyltransferase Polycomb Repressive Complex 2 (PRC2),148,152 is associated with 

resistance to anthracyclines and poor prognosis in AML, validating our in silico 
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approach.174 Heterozygosity of KMT2C, a component of the COMPASS complex that 

catalyzes H3K4 monomethylation,183,290 promotes resistance to alkylating agents in 

HSCs.191 Inactivating KMT2C mutations are also observed in relapsed pediatric AML, 

further supporting a role in chemotherapy resistance.192 Loss of KMT2E, also a member 

of the KMT/MLL family, has been reported to impair HSC function,197–199 and decreased 

expression of KMT2E is associated with worse outcomes in AML.242 

 KMT2C, KMT2E, and EZH2 are among the most highly expressed 7q candidates 

in human HSPCs (Figure 2A), and all three have been reported to mediate DNA damage 

repair;181,182,193,194,200 therefore, we reasoned these three epigenetic regulators were 

appropriate candidates to test for increased drug resistance and interaction with CUX1 

loss. Despite megabase distances between these genes, they are collectively lost in over 

70% of patients with -7/del(7q), based on copy-number analysis of two patient cohorts 

from The University of Chicago237 and The Cancer Genome Atlas275 (Figure 2B). 

Collectively, the functional convergence of these genes on epigenetic regulation and the 

DDR provides strong rationale for investigating 7q as a contiguous gene syndrome region 

in which loss of multiple TSGs drives disease pathogenesis and drug resistance. 

 

CRISPR RNP transfection achieves high-efficiency knockout in HSPCs  

Using an inducible shRNA-based transgenic model of Cux1 knockdown, our lab 

has reported that Cux1-deficient cells rapidly outcompete wild-type cells and expand 

following exposure to the DNA-damaging alkylating agent N-ethyl-N-nitrosourea (ENU) in 

mixed bone marrow chimera experiments.142 To test whether additional 7q gene 

deficiencies promote expansion, either alone or in combination with shRNA-induced Cux1  
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Figure 2: In silico data mining identifies KMT2C, KMT2E, and EZH2 as candidates 
7q TSGs modulating drug resistance. 
 
A) Nine genome-wide screens were analyzed to identify chromosome 7 genes that 
promote resistance to chemotherapy when inactivated. Pathway analysis and RNA 
expression in human HSPCs is shown in counts per million. B) Copy-number analysis of 
chromosome 7 from two patient cohorts from The University of Chicago and TCGA. The 
regions encoding CUX1, KMT2E, KMT2C, and EZH2 are denoted in red, and the 
percentage of -7/del(7q) patients with deletion of all four genes is shown.  
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deficiency, we used an RNP-based CRISPR-Cas9 delivery method278,279 to knock out 

Ezh2, Kmt2c, or Kmt2e in HSPCs (Figure 3A). This approach yields high levels of 

insertions and deletions (indels) detectable within 72 hours of transfection with 

consequent reductions in protein levels (Figure 3B, C). We transplanted wild-type 

CD45.1 recipients with RNP-transfected CD45.2 HSPCs harboring shRNA against Cux1 

(shCux1) or renilla luciferase as a control (shCtrl). After an initial engraftment period, we 

injected recipient mice with ENU (100 mg/kg) or vehicle to model chemotherapy 

exposure, and tracked gene knockout in peripheral blood, defined as the sum of 

frameshift indel frequencies. Mice treated with ENU experienced a transient leukopenia 

consistent with exposure to genotoxic agents, demonstrating efficacy of ENU treatment 

(Figure 3D). As a control for off-target effects of Cas9, we included a transplant cohort 

receiving HSPCs transfected with RNPs targeting an intron of Actb.291 We detected gene 

knockout beyond sixteen weeks post-transplant, indicating this RNP transfection-based 

approach successfully targets long-term HSCs.292 We observed no significant changes in 

the frequency of Actb indels after ENU exposure (Figure 3E). 

 

Combined Cux1 and Ezh2 deficiency promotes hematopoietic expansion after 

exposure to alkylating agents 

 In striking contrast to Actb, we observed significant expansion of Ezh2 knockout in 

ENU-treated mice given transfected shCux1 HSPCs (Figure 4A). Indeed, we detected 

significant increases in Ezh2 knockout in every hematopoietic tissue in ENU-treated 

shCux1 recipients (Figure 4B). In mice given shCtrl-transfected HSPCs there was a 

general increase in Ezh2 knockout over time, but ENU administration did not affect Ezh2   



 56 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: CRISPR RNP transfection achieves high efficiency knockout in HSCs. 
 
A) Experimental scheme for transplant cohorts. shCtrl and shCux1 c-kit+ HSPCs were 
transfected with RNPs targeting Ezh2, Kmt2c, Kmt2e, or an intron of β-Actin and 
transplanted into wild-type recipients. Two doses of ENU (100 mg/kg) were administered 
intraperitoneally nine days apart at week six post-transplant. B) 7q gene knockout 
percentages, defined as the sum of frameshift indels, after RNP transfection. Total indels, 
including those in-frame, are plotted for Actb as the gRNA targets an intron. n=4 trials for 
Actb, n=15 for Ezh2, n=17 for Kmt2c, and n=14 for Kmt2e. Data are plotted as mean + 
SD. C) Western blot validation of 7q gRNAs in mouse embryonic fibroblasts (MEFs) or 
HSPCs. MEFs were used to achieve higher knockout efficiency to confirm knockdown. 
D) Total white blood cell (WBC) counts in peripheral blood for all mice receiving shCtrl or 
shCux1 HSPCs with a single 7q gene deficiency. Data are plotted as mean + SEM, n=28-
30 mice/experimental group. E) Neutral Actb indel frequencies were serially tracked in 
peripheral blood mononuclear cells by Sanger sequencing before and after ENU 
administration. The percentage of DNA with indels is shown for vehicle- and ENU-treated 
recipients of shCtrl and shCux1 HSPCs. Two independent biological replicates were 
performed. Data are plotted as mean + SEM, n=10-15 mice/experimental group.  
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Figure 4: Combined Cux1 and Ezh2 loss is preferentially selected for after ENU.  
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Figure 4 continued 
 
A) Ezh2 gene knockout was serially tracked in peripheral blood mononuclear cells by 
Sanger sequencing before and after vehicle or ENU administration. Data are plotted as 
mean + SEM, and two independent biological replicates were performed with 5-7 mice 
per replicate per genotype, for a total of n=10-14 mice/experimental group. Significance 
from a two-way ANOVA is shown. * p < 0.05, ** p < 0.01. B) Box plots of Ezh2 knockout 
in hematopoietic tissues at euthanasia of vehicle- or ENU-treated shCux1 recipient mice, 
18-22 weeks post-transplant, n=10-13 mice. Significance from a two-tailed t-test is 
shown. * p < 0.05, ** p < 0.01. C) Box plots of Ezh2 knockout in hematopoietic tissues at 
euthanasia of vehicle- or ENU-treated shCtrl recipient mice, 18-22 weeks post-transplant, 
n=8-13 mice per tissue with exception of vehicle-treated thymus samples, with n=4.  
D) Western blot of bone marrow harvested from ENU-treated mice 18-22 weeks post-
transplant with a range of Ezh2 knockout levels, confirming sustained decreases to EZH2 
protein and H3K27me3. E) Kmt2c knockout was tracked as in A for vehicle- and ENU-
treated recipients. Data are plotted as mean + SEM, and two independent biological 
replicates were performed with 4-6 mice per replicate per genotype, for a total of n=9-11 
mice/experimental group. F) Box plots of Kmt2c knockout in hematopoietic tissues of 
shCux1 recipient mice at euthanasia as in B, n=3-11 mice. G) Box plots of Kmt2c knockout 
in shCtrl recipient mice as in C, n=4-9 mice per tissue with exception of vehicle-treated 
thymus samples, with n=2. 
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Ezh2 expansion in peripheral blood or other tissues (Figure 4B, C). Bone marrow Ezh2 

knockout approached 90% in some ENU-treated mice, consistent with bi-allelic Ezh2 loss 

(Figure 4B, D). Bi-allelic EZH2 mutations have been observed in patients with 7q loss of 

heterozygosity, suggesting a stronger fitness advantage from complete loss of EZH2.80,111 

 In contrast to Ezh2, we did not observe selection for Kmt2c knockout in the 

peripheral blood of either transplant group after ENU exposure (Figure 4E). We did detect 

increased levels of Kmt2c knockout in other hematopoietic tissues of ENU-treated 

shCux1 recipients (Figure 4F), in line with reports that Kmt2c loss promotes HSC 

expansion after exposure to alkylating agents,191 but we did not detect increases in shCtrl 

recipients (Figure 4G). Further, the expansion was highly variable within shCux1 

recipients, with knockout levels near 90% in some mice and below the limit of detection 

in others, indicating complete or near-complete dropout of edited cells (Figure 4F). Thus, 

while there may be some degree of genetic interaction between Cux1 and Kmt2c loss 

after ENU exposure, our data demonstrate a stronger connection between Cux1 and 

Ezh2. 

 It has been reported that Kmt2e-null cells fail to engraft after transplant.197 

Consistent with this, we noted very low levels of Kmt2e knockout in peripheral blood 

(Figure 5A), despite detectable Kmt2e knockout after RNP transfection and robust 

engraftment of CD45.2 cells in both transplant groups (Figure 5B). However, we did 

observe increased Kmt2e knockout in the bone marrow of shCux1 recipients compared 

to shCtrl, suggesting Cux1 deficiency may partially rescue engraftment defects (Figure 

5C). Overall, using a series of transplant cohorts, we demonstrate combined deficiency 

of Cux1 and Ezh2 uniquely promotes outgrowth under genotoxic stress.   
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Figure 5: Cux1 deficiency partially rescues Kmt2e-null engraftment failure. 
 
A) Kmt2e gene knockout was serially tracked in peripheral blood mononuclear cells by 
Sanger sequencing over 36 weeks, n=5 mice/experimental group. B) Total CD45.2 
positivity in peripheral blood for the same mice in A. Data are plotted as mean + SEM. 
C) Kmt2e knockout in peripheral blood and bone marrow at euthanasia. Data are plotted 
as mean + SEM, n=5 mice for shCtrl and n=4 mice for shCux1. 
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Multiplex knockout of 7q genes in HSPCs indicates that combined Cux1 and Ezh2 

deficiency is the main driver of expansion after chemotherapy exposure 

 Having observed strong selection for combined Cux1;Ezh2 deficiency, and 

potential selection for combined Cux1;Kmt2c deficiency, we wanted to test whether cells 

deficient in up to all four 7q genes would have an even strong selective advantage. 

Therefore, we expanded our RNP approach and transfected shCtrl and shCux1 CD45.2 

HSPCs with a pool of RNPs targeting Ezh2, Kmt2c, and Kmt2e simultaneously (Figure 

6A). To ensure the low engraftment of Kmt2e-null cells was not due to off-target effects, 

we used a second Kmt2e gRNA targeting a different exon in these experiments (Figure 

2C). Genotyping colonies derived from individual HSPCs revealed this multiplex knockout 

approach is highly efficient, with 75% of colonies containing gene edits and 60% showing 

perturbations to all three genes (Figure 6B). Further, we observed both mono-allelic and 

bi-allelic knockout across the population, enabling modeling of monosomy as well as 

recapitulating the bi-allelic EZH2 and KMT2C mutations observed, albeit infrequently, in 

patients.80,111,293 

 We reasoned the knockout combination with the highest fitness should be selected 

for, indicating which 7q gene deficiencies drive expansion. We transplanted multiplex-

edited shCtrl and shCux1 HSPCs into CD45.1 recipients, treated with ENU or vehicle to 

model chemotherapy exposure, and tracked gene knockout in peripheral blood. Input 

knockout levels of all three genes were comparable between shCtrl- and shCux1-modified 

cells for both vehicle- and ENU-treated cohorts (Figure 6C). At a population level, 

knockout frequencies were relatively stable within the vehicle-treated mice (Figure 7A), 

although there were some exceptions characterized below. In contrast, exposure to ENU 
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Figure 6: A pooled RNP transfection approach achieves high-efficiency multiplex 
gene knockout in HSCs. 
 
A) Experimental schematic for multiplex-knockout transplant cohorts. shCtrl and shCux1 
c-kit+ HSPCs were transfected with a pool of RNPs targeting Ezh2, Kmt2c, and Kmt2e to 
generate mosaic populations of cells harboring different combinations of 7q gene 
knockout. Two doses of ENU were administered to recipient mice (100 mg/kg) nine days 
apart beginning six weeks post-transplant. B) Transfected HSPCs were plated in 
MethoCult M3434, cultured for 7-10 days, and colonies derived from individual cells were 
genotyped. Each column represents data from one colony. Blue shading denotes 
homozygous knockout, yellow denotes heterozygous knockout, and hatched lines denote 
the second allele harbored an in-frame indel that does not cause a frameshift. 15 colonies 
were analyzed across 2 independent multiplex transfections. C) CRISPR knockout 
efficiencies for shCtrl and shCux1 HSPCs transfected with the pool of RNPs. 4 total sets 
of transfections were performed to generate the vehicle- and ENU-treated transplant 
cohorts. 
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rapidly accelerated expansion of Ezh2 knockout in all mice, with shCux1 recipients 

showing significantly higher Ezh2 knockout than shCtrl recipients over 40 weeks (Figure 

7B). ENU-treated shCux1 recipients also displayed a striking expansion of myeloid cells 

in the peripheral blood that strongly correlated with Ezh2 knockout levels (Figure 7C). 

Compared to shCtrl recipients, the bone marrow of ENU-treated shCux1 recipient mice 

displayed significantly higher levels of myeloid cells and Ezh2 knockout (Figure 7D). 

These data demonstrate strong selection for combined Cux1;Ezh2 deficiency, and 

suggest loss of these two 7q genes directly contributes to pathogenic myeloid expansion, 

particularly under genotoxic pressure. 

 

Individual mice inform the consequences of multiple 7q gene loss on clonal 

expansion  

 In recipients of multiplex-edited shCtrl HSPCs, 70% (7/10) of vehicle-treated mice 

showed stable knockout scores for Ezh2, Kmt2c, and Kmt2e for the duration of the study. 

In the remaining 30% (3/10), we observed a successive increase in the percent of Ezh2, 

Kmt2c, and Kmt2e knockout (Figure 8A). Mouse 391 was euthanized early due to severe 

anal prolapse and penile infection (balanitis), but displayed a rapid increase for all three 

7q genes. In mouse 392 and 458, the steady increase in knockout after 20 weeks 

suggests a stem cell with combinatorial loss of these epigenetic regulators may have a 

clonal advantage independent of Cux1 loss. In the bone marrow of mouse 458, we 

observed a major clone with bi-allelic Ezh2 and mono-allelic Kmt2e knockout (Figure 8B). 

As Kmt2e knockout was not readily detected early, this suggests an Ezh2 -/-;Kmt2e+/- stem 

cell existed after transplant but only gained a clonal advantage through aging.  
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Figure 7: Multiplex knockout of 7q genes in HSCs demonstrates combined 
Cux1;Ezh2 deficiency drives expansion after chemotherapy exposure. 
 
A) Gene knockout frequencies for Ezh2, Kmt2c, and Kmt2e were serially tracked in 
peripheral blood of transplant recipients before and after vehicle administration. Data are 
plotted as mean + SD, total n=10 mice receiving multiplex-edited shCtrl or shCux1 cells. 
B) Gene knockout frequencies in peripheral blood as in A, for mice given ENU. Data are 
plotted as mean +SD, total n=13-15 mice receiving multiplex-edited shCtrl or shCux1 
cells. Significance from a two-way ANOVA shown. *** p < 0.001. C) The percent of 
CD11b+ myeloid cells (x-axis) and Ezh2 knockout (y-axis) in the peripheral blood of ENU-
treated recipients at euthanasia. CD11b positivity was assessed by flow cytometry. Simple 
linear regression was performed to fit a line to the data, and significance from Pearson’s 
r is shown. *** p < 0.001. D) Box plots showing total Ezh2 knockout in the bone marrow 
of ENU-treated recipients at euthanasia. Significance from a two-tailed t-test is shown. 
*** p < 0.001.  
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 For recipients of multiplex-edited shCux1 HSPCs, 70% (7/10) of vehicle-treated 

mice also displayed unchanging knockout scores. Clonal expansion in the remaining 30% 

(3/10) of mice was only monitored short-term clonal expansion since they developed 

malignancies under 24 weeks. (Figure 8C). Mouse 442 contained a high percentage of 

Gr1+ Cd11b+ myeloid cells in the bone marrow and spleen (81% and 46%) and analysis 

of individual bone marrow-derived colonies showed that Cux1-deficient clones were 

haploinsufficient for Ezh2, alone and in combination with Kmt2c or Kmt2e (Figure 8D). 

Compared to shCtrl, the shCux1 recipients displayed a concurrent increase in total WBC 

and decrease in RBC, along with an increase in peripheral blood neutrophils and 

decrease in lymphocytes (Figure 9A, B), consistent with -7/del(7q) being recurrent in 

myeloid disease. However, the bone marrow and spleen of mouse 441 and 466 were 

infiltrated with >75% T cells (Figure 9C), and secondary transplants confirmed that the 

major malignant clones in these mice were of T cell origin. Ultimately, these experiments 

provide proof-of-principle that combinatorial loss of multiple 7q genes can promote clonal 

expansion at low frequency and long latency, and Cux1 loss may positively impact the 

rate of expansion. 

 ENU administration promoted the expansion of Cux1;Ezh2-deficient clones 

(Figure 7B). Since ENU is a known inducer of thymic lymphomas,294 most of our mice 

succumbed to this regardless of genotype. However, 31% (4/13) and 27% (4/15) of 

recipients of multiplex-edited shCtrl and shCux1 HSPCs, respectively, did not develop 

thymic lymphomas; all eight mice presented with progressive development of anemia and 

showed splenomegaly at time of euthanasia (Figure 10A, B). The effacement of splenic 

architecture, granulocytosis, and monocytosis, was more severe in shCux1 recipient mice  
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Figure 8: Cux1 loss accelerates clonal expansion in vehicle-treated multiplex-
knockout recipients. 
 
A) Peripheral blood gene knockout frequencies for Ezh2, Kmt2c, and Kmt2e in three 
vehicle-treated recipients of multiplex-edited shCtrl HSPCs that demonstrated knockout 
expansion over time. B) Bone marrow cells from shCtrl Mouse 458 were plated in 
MethoCult M3434 methylcellulose, cultured for one week, and colonies derived from 
individual cells were genotyped. Each column represents data from one colony. Blue 
shading denotes homozygous knockout, and yellow shading denotes heterozygous 
knockout. C) Gene knockout frequencies as in A for three vehicle-treated recipients of 
multiplex-edited shCux1 HSPCs that demonstrated knockout expansion over time.  
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Figure 8 continued 
 
D) Genotyping colonies as in B from bone marrow of shCux1 mouse 442. Yellow shading 
denotes heterozygous knockout, and hatched lines denote the second allele harbored an 
in-frame indel that does not cause a frameshift. Each column represents data from one 
colony. 
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Figure 9: shCux1 multiplex-knockout recipients display increased WBCs and 
neutrophils and decreased RBCs and lymphocytes. 
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Figure 9 continued 
 
A) Total white blood cell (WBC), red blood cell (RBC), and platelet (PLT) counts over time 
in peripheral blood of the vehicle-treated shCtrl recipient mice (top) and shCux1 recipient 
mice (bottom) with expansion of Ezh2 knockout. Complete blood counts were obtained 
on a Hemavet 950 counter. B) A breakdown of WBC into neutrophils, lymphocytes, and 
monocytes is shown for the mice in A. C) Flow cytometry dot plots of Mouse 441 and 
Mouse 466 bone marrow and spleen showing T-cell expansion. 
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Figure 10: Cux1 loss increases myeloid output and selects for bi-allelic Ezh2 loss 
in ENU-treated multiplex-knockout recipients. 
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Figure 10 continued 
 
A) Total red blood cell count over time in vehicle-treated recipients of HSPCs transfected 
with RNPs targeting an intron of Actb, and ENU-treated recipients of multiplex-edited 
HSPCs. Vehicle-treated Actb mice were used as a comparison as ENU-treated Actb mice 
died by 14 weeks. Data are plotted as mean + SD, n=5 mice/experimental group for Actb 
recipients, n=4 mice/experimental group for multiplex recipients. Significance from a two-
way ANOVA is shown. *** p < 0.001. B) Spleen weight at sacrifice for the same mice as 
in A, with significance from a two-tailed t-test shown. *** p < 0.001. C) CD45.2+ peripheral 
blood granulocytes (Gr1+ CD11b+) and monocytes (Gr1- CD11b+) for the same mice as 
in A and B, with significance from two-tailed t-tests shown. * p < 0.05, ** p <0.01. 
D) Hematoxylin and eosin (H&E) staining of spleen sections from ENU-treated recipients 
of multiplex-edited HSPCs. shCtrl Mouse 119 retains visible boundaries between white 
pulp and red pulp, indicated with arrows, whereas shCux1 Mouse 1627 and Mouse 1593 
show dramatic effacement of splenic architecture. Images were taken at 4X magnification. 
E) Stacked bar plots of 7q gene knockout in recipients of multiplex-edited shCtrl cells (left) 
and shCux1 cells (right), arranged by survival time. Ezh2 knockout approaches 100%, 
consistent with bi-allelic gene loss, in aged recipients of shCux1 cells. F) Bone marrow 
cells from shCux1 Mouse 1627 and Mouse 1593 were plated in Methocult M3434, 
cultured for 7-10 days, and colonies derived from individual cells were genotyped. Each 
column represents data from one colony. Blue shading denotes homozygous knockout, 
yellow denotes heterozygous knockout, and hatched lines denote the second allele 
harbored an in-frame indel that does not cause a frameshift. Many colonies harbor 
homozygous Ezh2 knockout. 
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(Figure 10C, D). At euthanasia, peripheral blood Ezh2 knockout approached 100% in 

shCux1 recipients (74-91%) and ranged from 39-57% in shCtrl recipients (Figure 10E). 

Consistent with this, the majority of bone marrow clones in shCux1 recipients had bi-

allelic Ezh2 knockout (Figure 10F). This suggests complete Ezh2 inactivation may be 

positively selected for by Cux1 loss and stress. 

 

Kmt2c loss associates with but does not drive expansion of Ezh2- or Cux1;Ezh2-

deficient clones 

 While all ENU-treated mice displayed peripheral blood expansion of Ezh2 

knockout, some mice showed simultaneous expansion of Ezh2- and Kmt2c-edited cells. 

An example of concurrent expansion is given in Figure 11B, with a comparison in Figure 

11A. We reasoned the expanding clones in mice with significantly correlated Ezh2 and 

Kmt2c knockout levels likely harbored inactivation of both genes (Figure 11C). 

Genotyping individual bone marrow-derived colonies confirmed these mice displayed a 

dominant clone with knockout of both Ezh2 and Kmt2c. In contrast, there were no colonies 

with both Ezh2 and Kmt2c inactivation in mice with uncorrelated peripheral blood Ezh2 

and Kmt2c knockout (Figure 11D, E).  

 We wanted to assess whether clones with concurrent Ezh2 and Kmt2c loss 

expanded faster or to a greater extent after ENU exposure than those with solely Ezh2 

loss. We used maximum peripheral blood knockout as a measure of the largest clonal 

expansion, and compared maximum Ezh2 and Kmt2c knockout values between mice with 

and without significantly correlated Ezh2 and Kmt2c knockout trajectories. In both shCtrl 

and shCux1 recipients, the maximum Kmt2c knockout was almost two-fold higher in mice  
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Figure 11: Kmt2c and Ezh2 are co-edited in mice with significantly correlated 
gene knockout. 
 
A) Peripheral blood gene knockout frequencies of an individual mouse (shCux1 Mouse 
1592) in which Ezh2 and Kmt2c knockout trajectories are not correlated. Simple linear 
regression was performed to fit a line to the data, shown in dashes. B) Same as in A, for 
an individual mouse (shCux1 Mouse 159) with significantly correlated Ezh2 and Kmt2c 
knockout. C) Example plots of correlations between Ezh2 and Kmt2c knockout in 
peripheral blood of ENU-treated recipients of multiplex-edited HSPCs. Gene knockouts 
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Figure 11 continued 
 
were plotted against each other and Pearson’s r was calculated, with p < 0.05 used as a 
benchmark for significant correlation indicating concurrent Ezh2 and Kmt2c knockout.  
D) Bone marrow cells from the mouse in A (shCux1 Mouse 1592) were plated in 
MethoCult M3434 methylcellulose, cultured for one week, and colonies derived from 
individual cells were genotyped. Each column represents data from one colony. Blue 
shading denotes homozygous knockout, yellow denotes heterozygous knockout, and 
hatched lines denote the second allele harbored an in-frame indel that does not cause a 
frameshift. E) Same as in D, for the mouse in B with no correlation between Ezh2 and 
Kmt2c knockout (shCux1 Mouse 159).  
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with correlated (concurrent) vs. non-correlated Ezh2/Kmt2c knockout (Figure 12A). In 

shCtrl recipients, Ezh2 knockout remained at ~50% regardless of correlation with Kmt2c 

knockout, suggesting Kmt2c knockout is a passenger mutation in these clones and has 

no influence on the dynamics of Ezh2 expansion (Figure 12B). In contrast, in shCux1 

recipients there was a trend (p=0.066) toward higher Ezh2 knockout in mice with 

correlated Ezh2/Kmt2c levels (Figure 12B). As a second metric to assess the effects of 

concurrent Ezh2 and Kmt2c loss, we compared the slopes of Ezh2 and Kmt2c knockout 

in mice with and without correlated expansion (Figure 12C). This analysis also 

demonstrated a trend toward increased expansion in mice with combined 

Cux1;Ezh2;Kmt2c deficiency compared to Cux1;Ezh2 alone (p=0.08). Collectively, our 

data suggest CUX1 and EZH2 loss influence -7/del(7q) clonal expansion and t-MN 

foundation. However, the notable association of Kmt2c knockout with expanding 

Cux1;Ezh2-deficient clones may have progressive consequences on malignancy. 

 

CUX1;EZH2 deficiency promotes resistance to the myeloid neoplasm therapeutic 

daunorubicin 

 As t-MNs are often drug resistant, we wanted to assess whether loss of 7q genes 

can also promote resistance to chemotherapy agents used to treat these diseases. We 

generated single-cell CRISPR knockout clones in U937 human myeloid leukemia cells 

with heterozygous loss of each 7q gene (Figure 13A), and tested for increased resistance 

to the anthracycline daunorubicin, a core component of induction therapy for myeloid 

neoplasms including MDS, AML, and t-MN.295 As controls, we used a clone with a neutral 

indel in an intron of the HPRT gene, and a clone with a truncating PPM1D mutation known 



 76 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Kmt2c loss associates with, but does not enhance, expansion of Ezh2-
deficient clones. 
 
A) Box plots showing the maximum observed Kmt2c knockout values in peripheral blood 
of mice receiving multiplex-edited shCtrl (left) and shCux1 (right) HSPCs. Each plot 
compares the maximum observed knockout between mice with and without significantly 
correlated Ezh2 and Kmt2c knockout trajectories. Significance from a two-tailed t-test is 
shown. ** p < 0.01. B) Same as in A for maximum observed Ezh2 knockout values. A two-
tailed t-test was performed. C) Bar plots showing the slope of gene knockout trajectories 
for Kmt2c (left) and Ezh2 (right) as an alternative metric to gauge the effect of 
combinatorial gene knockout. Each plot compares the slopes between mice with and 
without concurrent Kmt2c and Ezh2 knockout. Slope was calculated by performing linear 
regression and fitting a line to knockout values of each individual gene, as shown in 
Figure 11A and Figure 11B. Significance from a two-tailed t-test is shown, ** p < 0.01. 
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to promote drug resistance.108,291 We observed significant increase in viability with even 

single-copy loss of CUX1 and EZH2, comparable to PPM1D-mutant cells (Figure 13B). 

We observed similar results when treating cells with etoposide (Figure 13C), associated 

with the development of t-MN.  

 To test combined loss of CUX1 and EZH2 on resistance, we generated a double-

heterozygous clone and established dose-response curves with daunorubicin and 

etoposide (Figure 14A). Indeed, CUX1;EZH2+/- cells showed a further increased IC50 

than either single gene deficiency for both daunorubicin and etoposide (Figure 14B, C). 

Accordingly, CUX1;EZH2-deficient cells showed decreased apoptosis after culture with 

daunorubicin compared to HPRT cells (Figure 15A, B). Even after washing out 

daunorubicin and re-seeding equal numbers of viable cells in new culture plates, we 

observed significantly more growth from CUX1;EZH2-deficient cells (Figure 15C). 

Notably, we did not observe further increased daunorubicin IC50 values in either a triple 

heterozygote (CUX1;EZH2;KMT2C) or a quadruple heterozygote (Figure 15D). 

 We next assessed the effects of Cux1 and Ezh2 loss on chemotherapy resistance 

in primary shCtrl and shCux1 HSPCs. We transfected HSPCs with RNPs targeting Ezh2 

or Actb as a control, and plated cells in methylcellulose with daunorubicin or ENU (Figure 

16A). We genotyped colonies after two passages and observed a significant increase 

only in the proportion of shCux1 colonies harboring Ezh2 knockout; there was no 

difference in the proportion of colonies with Actb indels (Figure 16B, C). As a parallel 

approach, we plated shCtrl and shCux1 HSPCs in methylcellulose with the FDA-approved 

EZH2 inhibitor tazemetostat, to uniformly mimic Ezh2 loss, and daunorubicin (Figure 

17A, B). Across two passages, tazemetostat-treated shCux1 cells demonstrated reduced  
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Figure 13: Single copy loss of CUX1 or EZH2 promotes chemotherapy resistance. 
 
A) U937 human myeloid leukemia cells were transfected with RNPs targeting 
CUX1,EZH2, KMT2C, or KMT2E, and clonal lines were derived harboring heterozygous 
knockout. Western blot validation is shown. Data are representative of n=2 biological 
replicates. B) Heterozygous knockout clones were plated with 3 nM daunorubicin or 
vehicle for 72 hours, and viability was assessed via CellTiter-Glo luminescence. Cells 
transfected with RNPs targeting an intron of the HPRT gene were used as a wild-type 
control. Luminescence normalized to vehicle-treated wells is shown. Two-tailed t-tests 
were performed to compare normalized luminescence between 7q gene knockout cells 
and gHPRT control cells. Three biological replicates, each with three technical replicates, 
were performed. Data (n=3 biological replicates) are plotted as mean + SEM. ** p < 0.01,  
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Figure 13 continued 
 
*** p < 0.001. C) U937 7q knockout clones were plated with 50 nM etoposide or vehicle 
for 72 hours, and viability was assessed with CellTiter-Glo luminescence as in B. Three 
biological replicates, each with three technical replicates, were performed. Data (n=3 
biological replicates) are plotted as mean + SEM. ** p < 0.01, *** p < 0.001. 
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Figure 14: Combined CUX1;EZH2 loss further promotes chemotherapy resistance. 
 
A) Western blot validation of clonal CUX1;EZH2-double heterozygous knockout U937 
cells. B) HPRT control, single heterozygous knockout, and double heterozygous knockout 
U937 cells were plated with increasing doses of daunorubicin (range 0.375 nM to 96 nM) 
to generate a dose-response curve. Three biological replicates were performed, each with 
three technical replicates. Data (n=3 biological replicates) are plotted as mean + SEM, 
and significance from a two-way ANOVA is shown. * p < 0.05, ** p < 0.01, *** p < 0.001.  
C) HPRT control, single heterozygous knockout, and double heterozygous knockout 
U937 cells were plated with increasing doses of etoposide (range 12.5 nM to 3.2 µM) to  
generate a dose-response curve as in B. Three biological replicates were performed, 
each with three technical replicates. Data (n=3 biological replicates) are plotted as mean 
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Figure 14 continued 
 
+ SEM, and significance from a two-way ANOVA is shown. * p < 0.05, ** p < 0.01, *** p < 
0.001. 
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Figure 15: CUX1;EZH2-deficient cells have reduced apoptosis after daunorubicin 
exposure. 
 
A) Apoptosis was measured by flow cytometry using Annexin V at two doses of 
daunorubicin after 72 hours of treatment. Three biological replicates were performed, 
each with technical duplicates. Data (n=3 biological replicates) are plotted as mean + SD, 
and significance from a two-tailed t-test is shown. ** p < 0.01, *** p < 0.001. B) Cell death 
was measured by flow cytometry for the nucleic acid stain 7-AAD in the same cells as in 
A, after culture with two doses of daunorubicin for 72 hours. Three biological replicates 
were performed, each with technical duplicates. Data (n=3 biological replicates) are 
plotted as mean + SD, and significance from a two-tailed t-test is shown. * p < 0.05.  
C) After 72-hour treatment with 6 nM daunorubicin, drug was washed out and equal 
numbers of vehicle-treated and drug-treated HPRT and CUX1;EZH2+/- cells were re-
seeded in new culture plates. Cell growth in the drug-treated plates was normalized to 
that of vehicle-treated plates for both HPRT and CUX1;EZH2+/-. Data (n=4 biological 
replicates) are plotted as mean + SD, and significance from a two-tailed t-test is shown. 
** p < 0.01. D) Box plots of daunorubicin IC50 values from wild-type HPRT, CUX1;EZH2+/- 
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Figure 15 continued 
 
double heterozygous knockout, CUX1;EZH2;KMT2C+/- triple heterozygous knockout, and 
CUX1;EZH2;KMT2C;KMT2E+/- quadruple heterozygous knockout cells. Data from n=3 
biological replicates are plotted, and significance from two-tailed t-tests is shown. 
** p < 0.01, ns = not significant. 
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Figure 16: Combined Cux1;Ezh2 deficiency promotes chemotherapy resistance in 
HSPCs. 
 
A) Experimental schematic for primary cell drug resistance assays. shCtrl and shCux1 
HSPCs were transfected with RNPs targeting Ezh2 or an intron of Actb as a control. Cells 
were then plated in Methocult M3434 methylcellulose with 0.15 mg/mL ENU, 2.5 nM or 
5nM daunorubicin, or vehicle. After 7-10 days, culture plates were scraped and colonies 
were re-seeded to fresh M3434 for a second passage. Individual colonies were 
genotyped at the end of P2. Results from both doses of daunorubicin are pooled. B) The 
percent of CFU with indels in Actb for culture plates with ENU (left) or daunorubicin (right). 
The number of genotyped CFU are as follows, from left to right: For ENU – 34 shCtrl 
vehicle, 36 shCux1 vehicle, 36 shCtrl ENU, 36 shCux1 ENU. For daunorubicin – 26 shCtrl 
vehicle, 28 shCux1 vehicle, 56 shCtrl daunorubicin, 55 shCux1 daunorubicin. Significance 
from a one-tailed z-score test for proportions is shown. ns not significant. C) The percent 
of CFU with Ezh2 knockout for culture plates with ENU (left) or daunorubicin (right). The  
number of genotyped CFU are as follows, from left to right: For ENU – 22 shCtrl vehicle,  
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Figure 16 continued 
 
16 shCux1 vehicle, 23 shCtrl ENU, 16 shCux1 ENU. For daunorubicin – 19 shCtrl vehicle, 
23 shCux1 vehicle, 39 shCtrl daunorubicin, 47 shCux1 daunorubicin. Significance from a 
one-tailed z-score test for proportions is shown. * p < 0.05, ** p < 0.01. 
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Figure 17: Pharmacologic inhibition of EZH2 promotes daunorubicin resistance 
on a Cux1-deficient background. 
 
A) Experimental schematic for primary cell drug resistance assays with pharmacologic 
inhibition of EZH2. shCtrl and shCux1 HSPCs were cultured with the EZH2 inhibitor 
tazemetostat (1 μM) or vehicle for five days, with tazemetostat replenishment on after 
three days. Cells were then plated in Methocult M3434 methylcellulose ± tazemetostat 
and daunorubicin. After 7-10 days, colonies were counted and re-seeded to fresh M3434 
for a second passage. Colonies were counted again after passage 2. Vehicle control was 
used for both tazemetostat and daunorubicin. B) Western blot showing decreased 
H3K27me3 in mouse HSPCs after a 72-hour culture with increasing doses of the EZH2 
inhibitor tazemetostat (left). Also shown is a second blot showing sustained reduction in 
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Figure 17 continued 
 
H3K27me3 after passaging HSPCs in MethoCult M3434 supplemented with tazemetostat 
(right). Data are representative of n=2 independent replicates. C) Clonogenic survival of 
treated shCtrl and shCux1 HSPCs after passage 1 (left) and passage 2 (right). For each 
genotype, the number of colonies was normalized to vehicle-treated control. Daunorubicin 
was present in passage 1. Three independent biological replicates with technical 
duplicates were performed. Data (n=3 biological replicates) are plotted as mean + SEM, 
and significance from a one-way ANOVA with multiple comparisons is shown. * p < 0.05, 
** p < 0.01, *** p < 0.001. 
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sensitivity to multiple doses of daunorubicin as measured by colony numbers (Figure 

17C).296 Further, we recovered a significantly higher number of cells at each passage 

from tazemetostat-treated shCux1 wells, suggesting increased progenitor proliferation 

(Figure 18A). We also observed decreased shCux1 sensitivity to daunorubicin with 

GSK126, a second EZH2 inhibitor (Figure 18B, C). shCux1 colonies treated with EZH2 

inhibitors were also significantly larger and denser than treated shCtrl colonies, 

particularly at later passages (Figure 18D). Thus, combined deficiency in CUX1 and 

EZH2 promotes resistance to daunorubicin in primary HSPCs to a greater degree than 

either single gene deficiency alone. These data again demonstrate an interaction 

between CUX1 and EZH2 loss, and indicate these two genes play a driving role in both 

the founding of disease as well as the treatment resistance associated with -7/del(7q).  

 

Cux1;Ezh2-deficient cells have an abrogated DNA damage response after 

genotoxic stress 

 To determine whether combined Cux1 and Ezh2 deficiency induces expression of 

a unique set of genes or is transcriptionally additive, we performed RNA-sequencing on 

shCtrl and shCux1 HSPCs transfected with gEzh2 or intronic gActb RNPs as a control 

(Figure 19A). Differential gene expression (DE) analysis identified 1,711 DE genes (FDR 

< 0.05) across all four genotypes (Table 6). Hierarchical clustering analysis resolved clear 

gene signatures for Cux1 and Ezh2 loss, with de-repression of PRC2 target genes in 

gEzh2 cells (Figure 19B).169 Cux1 and Ezh2 were the top two down-regulated genes, 

confirming the efficacy of our approach (Figure 19C). Cux1;Ezh2-deficient cells displayed 

both gene signatures, indicating an additive transcriptional impact from combined gene  
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Figure 18: Cux1;Ezh2-deficient progenitors have higher output and form larger 
colonies. 
 
A) Total number of cells recovered at each passage from vehicle-treated wells in Figure 
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Figure 18 continued 
 
17C. Three independent biological replicates were performed, and one representative 
replicate is shown. Data are mean + SD, and significance from one-way ANOVA with 
multiple comparisons is shown. *** p < 0.001. B) Western blot showing decreased 
H3K27me3 in mouse HSPCs after a 72-hour culture with increasing doses of the EZH2 
inhibitor GSK126 (top). Also shown is a second blot showing sustained reduction in 
H3K27me3 after passaging cells in MethoCult M3434 supplemented with GSK126 
(bottom). Data are representative of n=2 biological replicates. C) Clonogenic survival of 
shCtrl and shCux1 HSPCs over two passages after treatment with GSK126 and plating 
in MethoCult M3434 with daunorubicin in the first passage. For each genotype, the 
number of colonies was normalized to vehicle-treated control. Two independent replicates 
with technical duplicates were performed. Data (n=2 biological replicates) are plotted as 
mean + SEM, and significance from one-way ANOVA with multiple comparisons is shown. 
** p < 0.01, *** p < 0.001. D) Violin plots of relative colony area in passages 3 and 4 of 
shRen and shCux1 cells grown in MethoCult M3434 supplemented with either 
tazemetostat or GSK126. Three independent biological replicates were performed for 
tazemetostat, two for GSK126. Total number of points are as follows: 132, 117, 44, 97 
from left to right. Representative colonies from passage 4 with GSK126 are shown to the 
right. Significance from a two-tailed t-test is shown. *** p < 0.001 
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Figure 19: Combined Cux1 and Ezh2 loss is transcriptionally additive. 
 
A) Experimental schematic for RNA-sequencing. HSPCs from shCtrl and shCux1 mice 
were transfected with gEzh2 or gActb RNPs and cultured for five days in SFEM base 
media with 50 ng/mL murine SCF, FLT-3, and TPO. Lin- Sca-1+ c-kit+ (LSK) cells were 
sorted directly into TRIzol and RNA was extracted for sequencing. B) DE genes were 
calculated with DESeq2.282 A heatmap of differentially expressed genes is shown, 
generated via unsupervised clustering. Clear signatures for Cux1 loss and Ez2h loss are 
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Figure 19 continued 
 
resolved. Genes upregulated upon Ezh2 loss include known Polycomb targets such as 
Bmpr1a1 (log2FC=1.43, FDR=6.85e-7) and Bmi1 (log2FC=0.72, FDR=4.2e-38). n=3 
biological replicates are plotted for shCtrl samples and n=4 for shCux1 samples. Samples 
had 60% Ezh2 knockout on average across replicates. Heatmap was generated in R 
studio with the pheatmap package. C) RNA transcript counts per million for Cux1 and 
Ezh2 for RNA-seq libraries in B. Cux1 and Ezh2 are the top two downregulated genes, 
demonstrating effectiveness of the shRNA and RNP-based approaches. 
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deficiency. Accordingly, we noted Cux1;Ezh2-deficient cells were more strongly enriched 

for patient-derived del(7q) gene signatures than either single gene deficiency (Figure 

20A).297 We also noted Cux1;Kmt2c-deficient cells were not enriched for the -7/del(7q) 

signature (q-val=0.58) despite clear enrichment for a Kmt2c-/- gene signature,191 further 

supporting Cux1 and Ezh2 as key mediators of the del(7q) phenotype (Figure 20B). 

Cux1;Ezh2-deficient cells were enriched for a gene signature resembling TP53 loss, 

which may contribute to the selective advantage we observed after genotoxic stress 

(Figure 20C). 

 Our lab has also shown that CUX1 promotes epigenetic-driven DNA repair via 

interaction with the histone methyltransferase EHMT2/G9a.142 Others have shown PRC2 

directly interacts with EHMT2 and also localizes to DNA breaks to deposit H3K27 

methylation, an important component of the early DDR.179–182,298 Therefore, we 

hypothesized that the selective advantage from CUX1;EZH2 deficiency derives from 

further disruption to DNA damage recognition and repair. We performed a second RNA-

sequencing experiment on shCtrl and shCux1 HSPCs in the presence of ENU to induce 

DNA damage (Figure 21A). We treated cells with tazemetostat to uniformly suppress 

EZH2 activity prior to ENU addition. DE gene analysis identified 3,457 genes with FDR < 

0.01 (Table 7), and gene set enrichment analyses revealed striking differences between 

genotypes. The top enriched pathways in shCtrl cells after ENU exposure were related to 

p53 activation and the DDR (Figure 21B). Pathways related to protein translation were 

negatively enriched, a known response to DNA damage.299,300 Both Cux1- and Ezh2- 

deficient cells displayed reduced enrichment of these pathways, consistent with their role 

in the DDR, and cells with combined Cux1;Ezh2 deficiency had an abject failure to 
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activate DDR pathways (Figure 21B). Blunted stress responses have been observed 

after inactivation of epigenetic regulators, including EZH2,201 suggesting these 

compounding DDR defects may enable persistence of Cux1;Ezh2-deficient cells following 

exposure to genotoxic stress. 

 To further explore this mechanism, we assessed the response of Cux1;Ezh2-

deficient HSPCs to acute DNA damage from irradiation (IR). An early DDR step is the 

phosphorylation of the histone variant H2A.X to form γH2AX at sequences flanking the 

break point.301 We previously showed Cux1-deficient cells have reduced γH2AX 

deposition after IR, and indeed Cux1;Ezh2-deficient cells displayed a larger reduction in 

γH2AX deposition (Figure 21C). We similarly observed significantly decreased γH2AX 

deposition in CUX1;EZH2-null U937 cells (Figure 21D, E). Consequently, CUX1;EZH2-

deficient cells have reduced 53BP1 foci number and intensity 1-hour post-IR (Figure 

22A), likely due to decreased EHMT2 and H3K27me2/3, both of which are required for 

efficient 53BP1 recruitment (Figure 22B).142,144,302 To assess whether the decrease in 

DNA damage recognition results in persistent, unrepaired damage, we performed neutral 

comet assays on irradiated shCtrl and shCux1 HSPCs. In contrast to control cells, which 

resolve DNA damage within 24 hours post-IR, cells deficient in Cux1 or Ezh2 displayed 

significantly elevated levels of DNA breaks and Cux1;Ezh2-deficient HSPCs had even 

higher levels at 24- and 48-hours post-IR (Figure 22C). Even a low-dose pulse of 0.5 Gy 

resulted in elevated DNA breaks in Cux1;Ezh2-deficient cells. Collectively, our data 

indicate CUX1 and EZH2 loss converges on DDR deregulation, which may enable mutant 

cells to persist through genotoxic stress and subsequently expand. 
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Discussion 

 Dissecting the pathogenesis of -7/del(7q) and other recurrent aneuploid events in 

cancer remains a challenge. Here we develop a model of del(7q) clonal hematopoiesis 

and drug resistance, taking an orthogonal approach to identify candidate 7q genes most 

likely to interact with CUX1 loss by leveraging publicly available CRISPR screen data and 

existing literature. Our multiplex knockout approach achieves population-level editing in 

primary HSCs, without viral plasmid delivery or antibiotic selection. Further, this approach 

generates a knockout population in under one week and circumvents the lack of 

chromosomal synteny between humans and mice. Using this approach, we identify CUX1 

and EZH2 as critical mediators of drug resistance and clonal expansion that converge on 

deregulation of the DNA damage response. This work supports the concept of 7q as a 

contiguous gene syndrome region, similar to those identified on 5q and 8p.48,53–55 Further, 

we link the drug resistance and poor prognosis associated with -7/del(7q) to specific 7q 

genes. 

KMT2C mutations have been identified in primary AML and relapsed pediatric 

AML,192 and Kmt2c+/- HSCs expand after exposure to alkylating agents.191 In our model, 

Kmt2c loss associates with Cux1 deficiency but the effects on expansion are highly 

variable (Figure 4F). Though Kmt2c loss trends toward promoting expansion in the 

setting of combined Cux1;Ezh2 deficiency (Figure 12B, C), suggesting a minor 

contribution, our data demonstrate a stronger interaction between Cux1 and Ezh2 loss. 

We also note that loss of multiple 7q genes is insufficient to fully rescue the engraftment 

defects from Kmt2e loss, though there were notable examples in which Kmt2e was co-

mutated with Ezh2 (Figure 8A, C).197,200 As these four 7q genes have been implicated in 
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Figure 20: Cux1;Ezh2-deficient cells are enriched for gene signatures of patient-
derived del(7q) disease and TP53 loss. 
 
A) Gene set enrichment analysis (GSEA)283 plots showing enrichment for Cux1 and Ezh2 
single deficiencies (top, middle) and combined Cux1;Ezh2 deficiency (bottom) using a 
gene signature derived from juvenile myelomonocytic leukemia (JMML) patients with  
-7/del(7q).297 Cells with combined Cux1;Ezh2 deficiency have the highest enrichment 
score and achieve statistically significant enrichment (q-value = 0.037). B) RNA-
sequencing was also performed on shCtrl and shCux1 HSPCs transfected with RNPs 
targeting Kmt2c, with an average 40% Kmt2c knockout. GSEA plots show enrichment for 
a Kmt2c-null HSC gene signature (left, middle), confirming efficacy of gene knockout.191 
Cux1;Kmt2c-deficient cells do not display enrichment for -7/del(7q) gene signatures 
(right). C) GSEA plots for Ezh2 deficiency on the shCtrl background (top) and shCux1 
background (bottom) showing enrichment for the P53_DN.V1_UP gene signature,283 
representing genes upregulated in NCI-60 panel of cell lines with mutated TP53. 
Combined Cux1;Ezh2 deficiency has stronger enrichment and statistical significance (q-
value = 0.004). 
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Figure 21: Cux1;Ezh2-deficient cells have a diminished DNA damage response. 
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Figure 21 continued 
 
A) Experimental scheme for RNA-sequencing with ENU. shCtrl and shCux1 HSPCs were 
cultured with 1 µM tazemetostat or vehicle for four days to mimic Ezh2 loss. Media was 
replaced with fresh tazemetostat and 0.025 mg/mL ENU or vehicle to induce DNA 
damage. After 72 hours of ENU treatment, Lin- Sca-1+ c-kit+ (LSK) cells were sorted diretly 
into TRIzol. RNA was extracted and prepared for sequencing. A wild-type shCtrl group 
without ENU treatment was included as a control. Three biological replicates were 
sequenced. B) Differential gene expression analysis was conducted with DeSeq2 and 
gene rank lists were created for gene set enrichment analysis.282,283 All genotypes were 
compared to shCtrl cells without ENU exposure. A multivariate plot showing the top 
positively and negatively enriched gene sets in shCtrl cells after ENU exposure is shown. 
Bubble color indicates genotype, and size denotes false discovery rate (FDR). C) shCtrl 
and shCux1 HSPCs were cultured for five days with 1 µM tazemetostat or vehicle to mimic 
Ezh2 loss, with tazemetostat replenishment after three days. Cells were then irradiated 
to induce DNA damage (2 Gy). γH2AX deposition was followed over four hours by 
intracellular flow cytometry, and the fold-change of cells staining positive for γH2AX is 
plotted. Data (n=4 biological replicates) are plotted as mean + SEM, and significance from 
two-way ANOVA is shown. * p < 0.05, ** p < 0.01. D) Western blot validation of clonal 
CUX1-/-, EZH2-/-, and CUX1;EZH2-double homozygous knockout U937 cells. E) Clonal 
homozygous knockout U937 cells were irradiated to induce DNA damage (6 Gy), and 
γH2AX deposition was followed over 24 hours by intracellular flow cytometry. The total 
γH2AX mean fluorescence intensity (MFI) is shown; data (n=4 biological replicates) are 
plotted as mean + SEM, and significance from two-way ANOVA is shown. * p < 0.05,  
*** p < 0.001. 
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Figure 22: CUX1;EZH2-deficient cells fail to retain 53BP1 at γH2AX foci and have 
decreased DNA repair efficiency. 
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Figure 22 continued 
 
A) U937 cells were irradiated (6 Gy) and stained for 53BP1 1-hour post-IR. The number 
of 53BP1 foci per nucleus (left) and the mean fluorescence intensity (MFI, right) of 53BP1 
foci are plotted. Three independent biological replicates were performed with at 20-70 
nuclei analyzed per replicate, and significance from a one-way ANOVA with multiple 
corrections is shown. ***p < 0.001. B) U937 cells were irradiated (6 Gy) and stained for 
H3K27me3 1-hour post-IR. The total nuclear MFI of H3K27me3 is plotted. Two biological 
replicates with 35-60 nuclei analyzed per replicate, and significance from a one-way 
ANOVA with multiple comparisons is shown. *** p < 0.001, ns = not significant. C) shCtrl 
and shCux1 HSPCs were cultured for five days with 1 µM tazemetostat or vehicle to mimic 
Ezh2 loss, with tazemetostat replenishment after three days. Cells were then irradiated 
with 0.5 Gy or 2 Gy and neutral comet assays were performed. Non-irradiated cells were 
used as a control. Data are plotted as violin plots with quartiles, and three independent 
biological replicates were performed. Total number of points are as follows: 110, 129, 79, 
84 (No IR); 86, 65, 72, 103 (0.5 Gy); 100, 84, 128, 133 (2 Gy, 24 hours); 120, 117, 118 
174 (2 Gy, 48 hours) from left to right. Significance from Mann-Whitney U tests is shown. 
* p < 0.05, *** p < 0.001, ns = not significant. 
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DNA damage repair, there may be a degree of functional redundancy between deletion 

phenotypes with Cux1 and Ezh2 loss possessing the highest penetrance. 

 Patient-derived monosomy 7 cells display downregulated DNA damage checkpoint 

and apoptosis genes,303 and indeed our RNA-sequencing revealed a profound failure of 

Cux1;Ezh2-deficient cells to activate the DDR following ENU exposure (Figure 21B). 

Both CUX1 and EZH2 localize to sites of DNA damage,142,179,181 and EZH2 inhibition also 

results in downregulation of a set of DDR genes via decreased methylation of activating 

pioneer transcription factors.304 Thus, the compounding deregulation of early stages of 

DNA damage recognition we observed may be multifaceted, with both transcriptional and 

non-transcriptional origins (Figure 21B, C, 22A, B). 

 Clonal hematopoiesis variants in DDR genes are selected for following genotoxic 

stress, likely due to increased survival of mutant cells.107,108,291 Variants in epigenetic 

regulators are also positively selected for, likely via increased self-renewal as well as 

blunted responses to external stressors.201,305 Our work positions CUX1 and EZH2, which 

are themselves mutated in clonal hematopoiesis,100,111,122–124 at the intersection of these 

pathways and offers a new perspective on the functional impact of -7/del(7q). Whether 

these pathways interact with other elements of -7/del(7q) biology, including altered 

splicing from LUC7L2 deletions209,210 and cytokine hypersensitivity from SAMD9/SAMD9L 

loss,205 remains to be discovered. Future studies characterizing -7/del(7q) should be 

performed with combined CUX1 and EZH2 deficiency as a foundation. 
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Table 5: Candidate 7q Genes Promoting Chemotherapy Resistance When Deleted 
Gene name Resistance to drug (s) Chr. 7 Location CDR? Expression (log CPM) 

in HSCs 
Gene Rank 

(Expression) 
ACTB Doxorubicin 

Etoposide 
7p22.1  12.43464999 1 

KMT2C Cisplatin 7q36.1 Yes 8.1613083 2 
KMT2E Cisplatin 7q22.3 Yes 8.02147745 3 
TNRC18 Doxorubicin 7p22.1  7.8969443 4 
GARS Etoposide 7p14.3  7.69836195 5 
TSC22D4 Doxorubicin 7q22.1 Yes 7.69362045 6 
PDIA4 Cisplatin 7q36.1 Yes 7.6119871 7 
MCM7 Etoposide 7q22.1 Yes 7.581156 8 
LAT2 Cisplatin 7q11.23  7.55329255 9 
FSCN1 Cisplatin 7p22.1  7.52386375 10 
MDH2 Etoposide 7q11.23  7.4447735 11 
AHR Etoposide 7p21.1  7.414710915 12 
CDK6 Doxorubicin 

Etoposide 
7q21.2  7.330048215 13 

SEPT7 Doxorubicin 7p14.2  7.3109188 14 
TRRAP Etoposide 7q22.1 Yes 7.30041885 15 
DBNL Cisplatin 7p13  7.0956998 16 
TNPO3 Doxorubicin 7q32.1  7.01815195 17 
LUC7L2 Etoposide 7q34 Yes 6.95291305 18 
CLIP2 Cisplatin 7q11.23  6.94981756 19 
BAZ1B Cisplatin 7q11.23  6.948382395 20 
TNS3 Etoposide 7p12.3  6.9357258 21 
INTS1 Cisplatin 

Etoposide 
7p22.3  6.88998145 22 

CAPZA2 Etoposide 7q31.2  6.85388647 23 
CASP2 Cisplatin 7q34 Yes 6.792406455 24 
VPS41 Cisplatin 7p14.1  6.76296405 25 
KCNH2 Cisplatin 7q36. 1 Yes 6.75421315 26 
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Table 5 continued 
RAC1 Etoposide 7p22.1  6.74926465 27 
NUP205 Etoposide 7q33  6.67084445 28 
PMPCB Etoposide 7q22.1 Yes 6.64917425 29 
GATAD1 Etoposide 7q21.2  6.540701 30 
KBTBD2 Etoposide 7p14.3  6.4849094 31 
NCAPG2 Etoposide 7q36.3  6.407732 32 
PLOD3 Doxorubicin 7q22.1 Yes 6.3222285 33 
PSMA2 Doxorubicin 7p14.1  6.3102175 34 
SUN1 Cisplatin 7q22.1  6.2747199 35 
MEPCE Etoposide 7q221 Yes 6.128333 36 
C7orf50 Cisplatin 7p22.3  6.10481603 37 
EZH2 Doxorubicin 7q36.1 Yes 6.0784322 38 
POR Doxorubicin 7q11.23  6.05392465 39 
AP5Z1 Cisplatin 7p22.1  6.053633205 40 
NUDCD3 Etoposide 7p13  6.03272645 41 
SNX13 Cisplatin 7p21.1  6.0171493 42 
COPS6 Cisplatin 

Doxorubicin 
Etoposide 

7q22.1 Yes 5.94342525 43 

POM121C Etoposide 7q11.23  5.8728336 44 
BZW2 Etoposide 7p21.1  5.857022625 45 
SMARCD3 Cisplatin 7q36.1 Yes 5.850817 46 
BUD31 Etoposide 7q22.1 Yes 5.818738125 47 
SEC61G Etoposide 7p11.2  5.81838385 48 
ZNF12 Doxorubicin 7p22.1  5.78878275 49 
POT1 Etoposide 7q31.33  5.76346205 50 
ANLN Doxorubicin 7p14.2  5.73109011 51 
YKT6 Etoposide 7p13  5.63096425 52 
TBRG4 Etoposide 7p13  5.5853183 53 
ZNF467 Doxorubicin 7q36.1 Yes 5.57616885 54 
FIS1 Cisplatin 7q22.1 Yes 5.56162995 55 
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Table 5 continued 
TRIM56 Cisplatin 7q22.1 Yes 5.5488226 56 
PNPLA8 Cisplatin 7q31.1  5.51440535 57 
RFC2 Etoposide 7q11.23  5.46608145 58 
CNOT4 Cisplatin 7q33  5.45210147 59 
SBDS Etoposide 7q11.21  5.37263265 60 
SNX8 Cisplatin 7p22.3  5.31122035 61 
SMURF1 Etoposide 7q22.1 Yes 5.2987093 62 
PRKAG2 Doxorubicin 7q36.1 Yes 5.28718275 63 
TAF6 Etoposide 7q22.1 Yes 5.2529728 64 
MICALL2 Cisplatin 7p22.3  5.239486 65 
ZNF394 Cisplatin 7q22.1 Yes 5.18028245 66 
DDX56 Doxorubicin 

Etoposide 
7p13  5.17699915 67 

ZSCAN25 Cisplatin 7q22.1 Yes 5.0704956 68 
MOSPD3 Cisplatin 7q22.1 Yes 5.0585665 69 
SLC12A9 Cisplatin 7q22.1 Yes 4.93533145 70 
CPSF4 Etoposide 7q22.1 Yes 4.90868355 71 
RSBN1L Etoposide 7q11.23  4.85171275 72 
CYCS Etoposide 7p15.3  4.83860385 73 
ZNF680 Etoposide 7q11.21  4.77863885 74 
ZNF746 Cisplatin 7q36.1 Yes 4.7473932 75 
STK17A Cisplatin 

Etoposide 
7p13  4.6358003 76 

GPR146 Cisplatin 7p22.3  4.6356683 77 
MPLKIP Cisplatin 7p14.1  4.619847 78 
RHEB Etoposide 7q36.1 Yes 4.612742 79 
URGCP Cisplatin 7p13  4.599517 80 
CLDN15 Cisplatin 7q22.1 Yes 4.575562075 81 
NUPL2 Etoposide 7p15.3  4.53726245 82 
TMEM60 Etoposide 7q11.23  4.50227845 83 
COA1 Etoposide 7p13  4.4827737 84 
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Table 5 continued 
BRAF Etoposide 7q34 Yes 4.45897065 85 
MAFK Cisplatin 7p22.3  4.454891 86 
POLR2J Cisplatin 7q22.1 Yes 4.44925215 87 
RINT1 Doxorubicin 7q22.3 Yes 4.3722493 88 
TECPR1 Cisplatin 7q21.3  4.33362355 89 
NOM1 Etoposide 7q36.3  4.267146 90 
HUS1 Etoposide 7p12.3  4.10332005 91 
POP7 Cisplatin 7q22.1 Yes 4.0140661 92 
PMS2 Cisplatin 

Doxorubicin 
7p22.1  3.9973874 93 

RBM48 Cisplatin 
Etoposide 

7q21.2  3.92957895 94 

PSMG3 Etoposide 7p22.3  3.69165685 95 
GIMAP1 Etoposide 7q36.1 Yes 3.6611238 96 
MALSU1 Cisplatin 

Etoposide 
7p15.3  3.6219315 97 

FBXL18 Cisplatin 7p22.1  3.58264835 98 
MRPS17 Etoposide 7p11.2  3.3083495 99 
ITGB8 Cisplatin 7p21.1  3.2735072 100 
STAG3 Cisplatin 7q22.1 Yes 3.238211 101 
TP53TG1 Doxorubicin 7q21.12  3.2229157 102 
ABHD11 Cisplatin 

Etoposide 
7q11.23  3.217253005 103 

PSPH Doxorubicin 7p11.2  3.217253005 104 
GPR85 Cisplatin 7q31.1  2.96008415 105 
CYP3A5 Cisplatin 7q22.1  2.4439418 106 
INHBA Cisplatin 7p14.1  2.38370695 107 
HGF Cisplatin 7q21.11  2.11720705 108 
HOXA5 Etoposide 7p15.2  2.102264 109 
GPC2 Cisplatin 7q22.1 Yes 1.97561535 110 
RNF32 Etoposide 7q36.3  1.8406499 111 
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Table 5 continued 
LRRC4 Cisplatin 7q32.1  1.7577302 112 
PVRIG Cisplatin 7q22.1 Yes 1.5035818 113 
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Table 6: RNA-Sequencing without ENU Reads Table 
RNA-seq on Murine 

LSKs 
PF Clusters 

Forward 
PF Clusters 

Reverse Mapped Reads 

shCtrl gActb Rep 1 17,472,449 15,744,832 27,095,570 

shCtrl gActb Rep 2 18,062,660 14,624,270 26,034,111 

shCtrl gActb Rep 3 16,289,684 17,379,485 27,765,213 

shCtrl gActb Rep 4 16,257,076 15,635,605 25,989,126 

shCtrl gEzh2 Rep 1 15,267,096 17,890,252 20,691,766 

shCtrl gEzh2 Rep 2 15,516,756 17,373,720 26,679,306 

shCtrl gEzh2 Rep 3 15,260,316 16,613,091 26,073,646 

shCtrl gEzh2 Rep 4 17,605,724 13,985,831 26,159,787 

shCux1 gActb Rep 1 16,470,206 17,184,318 26,797,310 

shCux1 gActb Rep 2 17,825,947 12,888,119 24,875,557 

shCux1 gActb Rep 3 16,027,222 18,019,491 27,686,103 

shCux1 gActb Rep 4 16,212,155 17,847,380 28,427,404 

shCux1 gEzh2 Rep 1 15,914,111 17,885,653 27,045,659 

shCux1 gEzh2 Rep 2 17,907,047 13,886,926 25,937,240 

shCux1 gEzh2 Rep 3 15,192,098 18,331,917 27,713,406 

shCux1 gEzh2 Rep 4 15,057,931 18,897,828 28,558,782 

shCtrl gKmt2c Rep 1 17,045,805 15,855,620 27,502,202 

shCtrl gKmt2c Rep 2 16,648,206 15,663,759 25,935,285 

shCtrl gKmt2c Rep 3 18,497,129 12,496,579 25,381,402 

shCtrl gKmt2c Rep 4 17,208,144 14,730,294 26,369,917 

shCux1 gKmt2c Rep 1 17,077,605 15,340,216 25,935,827 

shCux1 gKmt2c Rep 2 18,399,439 12,977,172 25,507,280 

shCux1 gKmt2c Rep 3 16,513,825 16,651,193 27,400,238 

shCux1 gKmt2c Rep 4 15,617,570 17,486,948 27,560,270 
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Table 7: RNA-Sequencing with ENU Reads Table 

RNA-seq on Murine LSKs PF Clusters 
Forward 

PF Clusters 
Reverse Mapped Reads 

shCtrl No ENU Rep 1 16,692,265 16,872,730 27,373,104 

shCtrl No ENU Rep 2 17,508,275 17,730,287 29,285,188 

shCtrl No ENU Rep 3 16,142,874 16,363,872 26,846,502 

shCtrl ENU Rep 1 17,366,630 17,544,655 28,722,146 

shCtrl ENU Rep 2 17,232,339 17,494,213 28,459,583 

shCtrl ENU Rep 3 15,594,110 15,754,377 25,431,050 

shCtrl; Ezh2i ENU Rep 1 16,817,955 17,008,116 27,835,519 

shCtrl Ezh2i ENU Rep 2 16,224,076 16,442,462 26,727,858 

shCtrl; Ezh2i ENU Rep 3 14,882,095 15,067,996 23,888,661 

shCux1 ENU Rep 1 12,531,618 12,740,901 20,527,902 

shCux1 ENU Rep 2 16,306,797 16,420,167 26,989,532 

shCux1 ENU Rep 3 18,370,468 18,460,912 29,274,971 

shCux1; Ezh2i ENU Rep 1 14,202,050 14,430,283 23,401,007 

shCux1; Ezh2i ENU Rep 2 16,866,354 17,015,619 28,209,602 

shCux1; Ezh2i ENU Rep 3 17,523,695 17,670,791 28,507,889 
 
  



 109 

DISCUSSION 

Overview 

 In this study, we leveraged CRISPR-Cas9 gene editing to explore a novel method 

of modeling aneuploidy in the context of chromosome 7q deletions in high-risk myeloid 

neoplasms, targeting four candidate TSGs simultaneously in hematopoietic stem cells 

(Cux1, Ezh2, Kmt2c, Kmt22). We find that combined loss of the 7q genes Cux1 and Ezh2 

promotes clonal myeloid expansion to a greater degree than either single gene loss alone, 

supporting the notion of 7q as a contiguous gene syndrome region harboring multiple 

TSGs. Intriguingly, loss of Kmt2c and Kmt2e does not have a significant impact on 

expansion even when combined with Cux1;Ezh2 deficiency, indicating Cux1 and Ezh2 

loss are the primary drivers of expansion within this tested gene set. 

 Chromosome 7 deletions are highly associated with t-MNs that arise after prior 

exposure to chemotherapy or radiation, and associated with poor prognosis. Therefore, 

we also examined the role of 7q gene loss in drug resistance, investigating alkylating 

agents and topoisomerase inhibitors associated with t-MN development, and 

anthracyclines which are a frontline therapeutic for t-MN patients. Across all tested 

compounds, and using both murine and human cell systems, we observed a significantly 

higher degree of resistance in cells with combined Cux1;Ezh2 deficiency compared to 

single gene deficiencies and wild-type cells. Similar to our in vivo experiments testing 

clonal expansion, we noted that loss of KMT2C and KMT2E did not significantly alter 

resistance profiles in human AML cells, again demonstrating combined CUX1 and EZH2 

deficiency is the driver of these phenotypes. Collectively, these observational experiments 

link specific 7q genes to a drug resistance phenotype. Moreover, our results suggest that 



 110 

the initial foundation of a t-MN and the subsequent poor response to chemotherapies are 

manifestations of the same molecular mechanism, as we observed similar findings in the 

presence of multiple drug classes as well as irradiation. 

 Our mechanistic studies revealed converging roles for CUX1 and EZH2 in 

regulation of the DNA damage response that are conserved across murine and human 

cell systems. The DDR is broadly composed of a recognition phase, in which DNA double 

strand breaks are marked with the γH2AX histone modification, and a resolution phase, 

in which repair factors such as 53BP1 and ATM accumulate at γH2AX foci and regulate 

break repair.301 It has been shown that both Cux1- and EZH2-deficient cells display 

reduced γH2AX deposition after irradiation,142,182 and in our studies we observed an even 

greater reduction in γH2AX deposition in cells with combined Cux1;Ezh2 loss, indicating 

further defects with break recognition. Consequently, Cux1;Ezh2-deficient cells fail to 

transcriptionally activate DDR pathways after genotoxic stress, in striking contrast to wild-

type cells. The compounding defects to DNA break recognition subsequently impact DNA 

repair. Post-irradiation, we observed reduced 53BP1 foci number and intensity in 

CUX1;EZH2-deficient human leukemia cells, and increased residual DNA damage in 

Cux1;Ezh2-deficient hematopoietic progenitors. Our results add to a growing body of 

literature reporting non-transcriptional roles for CUX1 and EZH2 in DDR regulation. 

 This study also generated a dataset of 113 chromosome 7 gene candidates that 

promote drug resistance when lost (Table 5). This list can serve as a resource for future 

studies, and highlights the utility of mining through the wealth of publicly available data 

from published genome-wide CRISPR-Cas9 screens. This in silico approach also serves 
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as a useful orthogonal method to identify candidate genes in addition to a traditional 

literature search.  

 

Combined CUX1;EZH2 loss confers a competitive advantage after genotoxic stress 

 As the life expectancy of the human population increases, so too will the 

prevalence of somatic mosaicism, CHIP, and cancer.24,99 Age-related mutation acquisition 

is largely unavoidable; thus, it is paramount that efforts be made to understand the 

selective forces that drive expansion of mutations from a single ancestral cell to a lethal 

malignancy. These processes have implications beyond cancer incidence as well, as 

clonal hematopoiesis is also associated with increased mortality from non-hematologic 

causes, particularly atherosclerotic cardiovascular disease.306–308 

Many individuals with CHIP display stable VAFs and do not progress to frank 

disease, suggesting external factors are a major selective force directing expansion.309 

Our in vivo and cell culture models demonstrate strong selection for CUX1 and EZH2 

deficiency following exposure to genotoxic stress, and our mechanistic studies build on 

prior studies positioning CUX1 and EZH2 in the local DNA damage response.142,182 

Mutations in both CUX1 and EZH2 are observed in clonal hematopoiesis,124 and our 

results are consistent with prior studies linking chemotherapy and radiation exposure to 

expansion of clones with mutations in DDR genes, including PPM1D, TP53, CHEK2, 

ATM, and SRCAP.107,108,145,222,291,310–312 CUX1 and EZH2 also function as epigenetic 

regulators, disruption of which blunts cellular responses to stress via transcriptional 

numbness.201 Thus, the increased survival and subsequent expansion we observed may 

reflect a combination of abrogated DDR function as well as epigenetic perturbations. 
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General aneuploidy has been shown to promote chemotherapy resistance,43,313 and we 

extend these studies to -7/del(7q) and t-MN by directly linking two genes to these 

pathogenic phenotypes. 

There are many additional routes by which a clonal population can gain a 

competitive advantage and begin expanding.314 Some mutations affect cell intrinsic 

properties such as cell division; loss of Dnmt3a, for example, enables HSCs to self-renew 

through serial transplant far past when wild-type cells exhaust, functionally conferring 

indefinite longevity.315,316 Tet2 loss similarly confers HSCs with increased self-renewal, 

measured by increased replating capacity in serial colony-forming assays as well as 

increased chimerism in competitive transplants.317 In our studies, we also observed 

increased replating capacity and output in shCux1 HSPCs treated with EZH2 inhibitors, 

suggesting increased progenitor proliferation and self-renewal; future serial transplant 

experiments would provide additional evidence for combined Cux1 and Ezh2 deficiency 

increasing HSC self-renewal, especially as there is conflicting literature on the role of 

EZH2 in self-renewal.155,318  

It is now widely accepted that tobacco is a potent carcinogen that causes cancer, 

and evidence is beginning to emerge that tobacco smoke can also promote expansion of 

cells with TET2 and ASXL1 inactivation as well as the gain-of-function JAK2V617F 

mutation.319,320 Increasing attention has also been given to understanding how 

inflammatory stress, which normally induces HSC proliferation and can result in HSC 

exhaustion under chronic inflammation,321 promotes expansion of mutant clones. As 

inflammatory cytokine production gradually increases with age, a phenomenon termed 

‘inflammaging’, this area of study may be particularly relevant.314,322 Mutations in asxl1 
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stimulate expression of anti-inflammatory genes in hematopoietic progenitors of 

zebrafish, and exposure to the pro-inflammatory cytokines TNFα, IL-1β, and IL-6 can 

select for mutations in Dnmt3a, Cebpa, and Tet2, respectively.323–326 Inflammation from 

chronic infection, as well as other microbial signals, can also stimulate expansion of cells 

bearing mutations in Dnmt3a and Tet2.110,327 These studies also highlight the fact that 

mutations in a single gene can confer a competitive advantage under multiple stressors. 

Whether smoking habits and inflammation similarly promote expansion of -7/del(7q) cells 

with is an important, unanswered question. 

 

Targeting CUX1;EZH2-mediated expansion 

 As the hematopoietic field increasingly understands the selective pressures driving 

expansion of CHIP clones, efforts to counter the selective advantages conferred by these 

mutations will move to the forefront. While drugging histone methyltransferases is a 

growing area of study,328 the loss-of-function EZH2 mutations characteristic of myeloid 

disease represent a therapeutic challenge. The global nature of EZH2 is one such 

complication: PRC2, the multi-subunit complex containing EZH2, remains the only 

identified methyltransferase with H3K27 activity and is solely responsible for H3K27 

methylation in mouse embryonic stem cells, though EHMT2/G9a can help recruit PRC2 

to target loci.298,329,330 As H3K27me3 is a major repressive histone modification, reduced 

PRC2 activity may contribute to pathogenesis by decreasing the threshold for 

transcriptional activation of oncogenes, as has been observed for NOTCH signaling in T-

cell leukemia and RAS signaling in malignant peripheral nerve sheath tumors.328,331,332 

Alternatively, PRC2 loss may generally increase transcriptional noise which can 
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contribute to drug resistance, though bromodomain inhibitors may represent a potential 

strategy to combat increased transcription.332–334 Similarly, it may be possible to target 

downstream effectors that become upregulated with EZH2 loss, though it is unlikely that 

this will fully counter the effects of genome-wide deregulation.328  

 Loss-of-function mutations in CUX1 pose a similar challenge. As restoration of 

CUX1 levels can reverse pathogenic phenotypes including splenomegaly and anemia in 

mice,135,142 targeting negative regulators of CUX1 is a potential therapeutic strategy to 

increase expression of the second, intact CUX1 allele for patients with -7/del(7q) or CUX1 

mutations. Targeting downstream effectors that increase in expression following CUX1 

loss is also a potential strategy, and a finer resolution of CUX1 binding sites at enhancer 

and promoter regions will aid in this.137,139 

 We observed a profound failure of Cux1;Ezh2-deficient cells to active DDR 

signaling following genotoxic exposure. Defective regulation of DNA repair is a common 

theme in oncogenesis, evidenced by studies of selective forces driving CHIP as well as 

genetic cancer predisposition diseases including Lynch and Bloom Syndrome.221,305 

Given these shortcomings in DNA repair, it is tempting to speculate that PARP inhibitors 

may have therapeutic efficacy against these cells, leveraging defective DDR to induce 

selective synthetic lethality similar to patients with BRCA1/2 mutations.335 The PARP1 

enzyme canonically functions in the base excision repair (BER) pathway, and PARP 

inhibition traps the protein on DNA, forming crosslinks that result in unrepaired DNA, 

replication fork collapse, and additional replication-induced DNA damage.336 As these 

breaks occur during the S-phase of the cell cycle they are repaired by homology-directed 

repair (HDR), for which the BRCA1/2 proteins are crucial, and HDR-deficient cells are 
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therefore selectively vulnerable to PARP inhibition.337 CUX1 and CUX2 have been 

reported to function in BER,338–340 and our data showing decreased 53BP1 recruitment 

after CUX1 and/or EZH2 loss suggests a role for CUX1 and EZH2 in non-homologous 

end joining (NHEJ),142 the second major repair pathway in addition to HDR. The data 

therefore indicate CUX1;EZH2-deficient cells may have decreased fidelity of NHEJ and 

an increased reliance on HDR, which would render PARP inhibitors less effective. A meta-

analysis of randomized controlled trials investigating PARP inhibition identified an 

increased risk of subsequent MDS and AML compared to placebo,341 and a small case-

study cohort identified chromosome 7 abnormalities in these patients at approximately 

the same frequency as general t-MNs.342 PARP inhibition is thus unlikely to represent a 

viable therapy for -7/del(7q) and may actually promote t-MN development similar to 

platinating and alkylating agents.121,145  

 On the surface, it seems paradoxical that cells with defective DDR have a selective 

advantage as broken DNA should not be faithfully segregated during cell division, 

resulting in massive genomic instability. However, genomic instability is itself a hallmark 

of human cancer, thought to generate wide genetic diversity and increase the probability 

of a cell reaching a mutational state with a selective advantage.59 There are numerous 

examples of genomic instability in human cancers, from microsatellite instability and 

hyper-mutable phenotypes in colon cancer to chromothripsis, a chaotic phenomenon in 

which massive DNA damage and rearrangements occur within a single 

chromosome.343,344 Oddly, the defective DDR in Cux1;Ezh2-deficient cells does not 

necessarily translate to increased mutational load: though CUX1-mutant myeloid 

neoplasms have an increased mutational burden, the increase is modest and primary 
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myeloid disease in general has a low overall mutation burden compared to other 

cancers.68,142 Further, t-MNs do not have increased coding mutational burdens compared 

to de novo AML, despite detectable mutation signatures from chemotherapy 

exposure.222,223 Our data indicate CUX1;EZH2-deficient cells have decreased apoptosis 

following exposure to chemotherapy. This may enable cells to survive an insult that is 

lethal to wild-type cells and provide time to repair DNA to a sufficient degree to enable 

cell division without inducing excessive mutations. Future studies testing the kinetics of 

cell cycle entry and the fidelity of DNA segregation would be informative in this regard. 

 There are also some unconventional treatment options that may one day represent 

promising therapeutic avenues. It has recently been shown that antibody-mediated 

elimination of myeloid-biased HSCs in aged mice restores features of a more youthful 

immune system, including increased lymphoid progenitors and an improved adaptive 

immune response to viral infection.345 Applying this concept to myeloid disease may be a 

route to selectively eliminate the HSCs that produce leukemic progeny, though it is 

dependent on such HSCs displaying the targeted surface markers. Finally, it may be 

possible to remove the selective advantage of mutant cells entirely by artificially 

recapitulating the mutation in healthy cells, for example administering an EZH2 inhibitor 

prior to chemotherapy and/or radiation.121 As fitness is relative, uniform EZH2 

suppression could eliminate the advantage conferred from EZH2 loss to the mutant 

population while still maintaining susceptibility to chemotherapies that target rapidly 

dividing cancerous cells. 
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Continued modeling of chromosome 7 deletions 

 Chromosome 7 contains approximately 900 protein-coding genes, and many 

additional candidate tumor suppressors have been identified in addition to CUX1 and 

EZH2.146,346,347 Though Kmt2c and Kmt2e are also reported to be involved in DNA 

damage repair,191,200 we did not observe strong selection for inactivating mutations under 

steady-state or genotoxic stress conditions. However, there are other chromosome 7 

genes implicated in the DDR, and many other genes that have functions similar to those 

of common driver mutations in AML (Figure 23).81 Whether combined CUX1 and EZH2 

deficiency interacts with loss of additional chromosome 7 DDR genes is an important 

consideration, though our data indicates there may be a degree of functional redundancy 

for at least KMT2C and KMT2E. Examining the DDR capacity of -7/del(7q) iPSCs with 

deletions spanning CUX1 and/or EZH2 will be informative as to whether there are 

additional genes that further diminish the response to DNA damage.  

 CUX1;EZH2 deficiency may also interact with loss of chromosome 7 genes that 

function in different pathways. Identifying whether these interactions are simply additive 

or if there are emergent properties arising from impinging on multiple cell biology 

pathways will be critical to furthering our understanding of chromosome 7 biology. To 

begin probing this question, we extended our RNP-based transfection approach even 

further to target six 7q TSG candidates (Figure 24A, B). Genotyping colonies derived 

from individual cells revealed up to five gene knockouts can be induced within a single 

cell, with three gene knockouts being most common (Figure 24C). Similar to our three-

gene multiplex transfections, we observed both mono- and bi-allelic gene knockout. 
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These proof-of-principle experiments highlight the power of multiplex CRISPR-Cas9 gene 

knockout to dissect monosomies. 

Finally, analysis of chromosome 7 genes offers insight as to whether chromosome 

loss itself can be leveraged therapeutically. Many chromosome 7-encoded genes are 

essential genes, such as BUD31 and NAMPT,348,349 and homozygous loss is incompatible 

with cell viability. As -7/del(7q) cells are missing a copy of these critical genes, they may 

be particularly sensitive to further dose perturbations and offer a wide therapeutic window. 

This has led to classifying such genes as CYCLOPS genes (Copy-number alterations 

Yielding Cancer Liabilities Owing to Partial losS),350 and indeed -7/del(7q) AML cells are 

selectively sensitive to NAMPT inhibition.351 

 

Conclusions 

Great strides have been made in defining and categorizing the recurrent features 

of human cancer. A more refined understanding of how these recurrent features influence 

pathogenesis will be critical to enable discovery of novel therapeutics as well as identify 

which patient populations will benefit most from treatment. Here, we leverage multiplex 

CRISPR-Cas9 gene inactivation to model chromosome 7q deletions in primary HSCs by 

simultaneously targeting multiple candidate genes, which circumvents the lack of 

chromosomal synteny between humans and mice. We find combined deficiency of Cux1 

and Ezh2 selectively results in clonal myeloid expansion, particularly after genotoxic 

stress. We also report increased drug resistance in both human and mouse cell systems 

following CUX1 and EZH2 loss. We also identify compounding defects to DNA damage 

recognition and repair, as CUX1;EZH2-deficient cells display reduced yH2AX deposition 
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Figure 23: Functional groupings of chromosome 7 genes with co-occurring 
mutations. 
 
Multiple chromosome 7 genes can be functionally classified into one of the eight 
categories of driver mutations that predominate in AML; some genes may function in 
multiple categories, but are classified according to their primary known function.81 Tumor 
Suppressors and NPM1 are not included, as all chromosome 7 gene candidates are 
thought to act as tumor suppressors in deletion events, and NPM1 is not located on 
chromosome 7. Within each category, underlining indicates the gene is encoded within a 
CDR, and an asterisk denotes the gene was identified in data mining of the CRISPR-
Cas9 screens for chemotherapy resistance (Table 5). Shown beneath each category are 
mutations that commonly co-occur with -7/del(7q) in myeloid neoplasms.81 Identifying 
whether combined CUX1;EZH2 deficiency interacts with additional chromosome 7 gene 
deletions in the DNA damage response or other pathways, or with cooperating AML 
mutations, is a promising area of future study.  
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Figure 24: Continued modeling of 7q as a contiguous gene syndrome region. 
 
A) Mouse HSPCs were isolated and transfected with RNPs targeting 7q genes. Cells 
were cultured for five days post-transfection, then DNA was isolated to determine gene 
knockout score. Data (n=5 biological replicates) is plotted as mean + SD. B) Mouse 
HSPCs were isolated and transfected with a pool of RNPs targeting six 7q genes 
simultaneously. Cells were cultured for five days post-transfection, and gene knockout 
was calculated as in A. Data (n=5 biological replicates) is plotted as mean + SD.  
C) HSPCs were plated in MethoCult M3434 for 7-10 days, then colonies derived from 
individual cells were genotyped. Up to fives genes were knocked out in the same cell, 
with three gene knockout occurring most frequently.  
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and 53BP1 recruitment, and increased residual DNA damage, following acute genetic 

insult. Our work provides additional evidence for non-transcriptional roles of CUX1 and 

EZH2 in the DDR, and our multiplex knockout approach is broadly applicable to other 

recurrent monosomies in cancer. With these studies, we conclude that 7q is a contiguous 

gene syndrome region that promotes cell fitness by reducing the efficacy of DNA damage 

recognition and repair (Figure 25). 

 

Future Directions 

1. What additional stressors select for -7/del(7q) or CUX1 mutations? Our study 

examined cellular response to the chemotherapeutics ENU, etoposide, and 

daunorubicin. ENU is well-characterized in mice but is not used to treat human 

disease; do additional alkylating agents such as cyclophosphamide or melphalan, 

or other classes of chemotherapeutics such as platinating agents or 

antimetabolites, similarly select for Cux1;Ezh2-deficient cells? Similarly, the 

interaction of inflammation and -7/del(7q) is understudied.  

2. Do additional 7q genes function in the DDR that would synergize with CUX1 and 

EZH2 loss to further disrupt DNA damage recognition and repair? 

3. What additional facets of cell biology are affected by del(7q), and are these 

disruptions additive or synergistic with CUX1 and EZH2 loss? Some patient 

deletions do not include the 7q22 CDR encoding CUX1 (Figure 2); do these 

patients have better outcomes, or are there additional 7q genes that synergize with 

EZH2 loss? 
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4. Are there downstream effectors following CUX1 and EZH2 loss that can be 

therapeutically targeted? Similarly, are there any additional synthetical lethalities 

or CYCLOPS genes that can be targeted? As -7/del(7q) confers resistance to 

conventional chemotherapies, molecularly informed targeted therapies are likely 

necessary to improve patient outcomes.  

5. What role do 7p genes have in -7 events? Most effort to identify TSGs has focused 

on 7q CDRs, but many genes identified in our chemotherapy resistance data 

mining reside on 7p (Table 5). 

6. How does -7/del(7q) interact with other recurrent features of myeloid neoplasms, 

including 5q and 17p deletions, and RUNX1 and ASXL1 mutations? Our lab has 

shown an interaction between Cux1 deficiency and RAS signaling,352 and whether 

such interactions exist with other karyotypic alterations remains unknown. 

 

The current treatment regimens for cancer patients are sorely outdated. The induction 

therapy for patients with acute and therapy-related myeloid leukemias, a cycle of seven 

days of intravenous cytarabine followed by three days of intravenous daunorubicin, has 

been in use since 1973. Not only have there been no major changes in over 40 years, 

but there is a lifetime maximum exposure for daunorubicin due to cardiac toxicity and the 

data from human patients, as well as the data presented here, clearly demonstrate that 

these chemotherapies can select for cells with -7/del(7q). Our knowledge of the 

pathogenesis of -7/del(7q) has advanced to the degree that it borders on a moral 

quandary to continue administering the same non-specific cytotoxic therapies to t-MN 

patients despite clear evidence that those with -7/del(7q) often have little or no response. 
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While additional therapies are actively being piloted in de novo acute leukemia, 

including menin inhibitors for NPM1-mutant AML, there remains a dearth of options for t-

MN patients. Leveraging the dose reduction in CYCLOPS genes encoded within 7q 

deletion segments may be a viable therapy worthy of further consideration. The use of 

short hairpin RNA or other nucleotide-based suppression methods would likely bear the 

greatest chance of success; this approach would avoid the binary dose levels established 

by CRISPR-Cas9 and would not require the extensive and expensive development of 

small molecule inhibitors. Further, the CYCLOPS gene target(s) can easily be adjusted 

to account for differing 7q deletion lengths. Our data suggest that the 7q region is likely a 

buffered system, with built-in redundancies such that effects observed with single gene 

deficiencies, for example Kmt2c, do not necessarily translate into additive or synergistic 

effects when combined with other gene deficiencies. A therapy that delivers multiple 

CYCLOPS shRNAs to hematopoietic cells of patients with -7/del(7q) disease, whether de 

novo or therapy-related, would effectively circumvent even a buffered system and should 

yield an appreciable therapeutic window.   
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Figure 25: 7q is a contiguous gene syndrome region that promotes fidelity of DNA 
repair. 
 
CUX1 and EZH2 function to promote DNA repair via recruitment of 53BP1, mediated in 
part by EHMT2/G9a and PRC2-catalyzed H3K27me3. -7/del(7q) events reduce the 
dosage of CUX1 and EZH2, decreasing activation of the DNA damage response and the 
fidelity of DNA repair. This confers cells with increased resistance to DNA-damaging 
chemotherapy agents, enabling expansion. 
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CHAPTER 2 

INTRODUCTION 

Characteristics of stem cells 

The identification and characterization of tissue-regenerative stem cells has been 

of long-standing interest to biological and medical communities. Decades of work have 

established a number of stem cell features that appear conserved across the various 

tissues of the body:  

1) Stem cells typically reside in specialized niche environments with distinct 

anatomical locations, for example the crypts located between intestinal villi and the bulge 

of the hair follicle in skin.353,354 The niche functions to protect stem cells from the external 

environment, but must also enable communicative signals to reach the stem cell 

compartment to induce proliferation as needed during tissue maintenance or injury repair.  

2) Stem cells retain the ability to give rise to all lineages of their native tissue. As 

stem cells are thought to reside at the apex of the cell hierarchy, it follows they must be 

able to generate all types of mature cells. This is exemplified by the hematopoietic system, 

as transplant of purified HSCs into lethally irradiated recipients with ablated bone marrow 

will reconstitute all mature lineages of blood cells.355 Stem cells also retain the ability to 

self-renew and maintain the stem cell pool; consequently, cell division can be 

characterized as either symmetric, in which a stem cell divides to produce a second stem 

cell, or asymmetric, in which the resultant daughter cell is committed to differentiation and 

exits the stem cell compartment.356 

3) Stem cells are long-lived cells that exist across the organism’s lifespan. Mature 

cells are continually lost through a variety of mechanisms, including physical forces that 
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slough off epithelial cells in the skin and intestine, programmed apoptosis that removes 

neutrophils to prevent accumulation of their histotoxic cargo,357 and routine tissue 

maintenance that affects all tissues, including those with low proliferative rates such as 

cardiomyocytes.358 Accordingly, the stem cell pool must persist through the organismal 

lifespan to replenish mature cells, either by maintaining the original stem cell population 

or supplementation by dedifferentiation of progenitor cells. This feature is also exemplified 

by the hematopoietic system, in which only HSCs are able to maintain blood production 

past sixteen weeks whereas restricted progenitors exhaust at earlier time points.292 

4) Stem cells are largely quiescent, owing to the need to persist across decades 

of time, depending on the organism, and avoid excessive mutation accumulation from the 

inherent error rate of cell division. Even in highly proliferative tissues such as the 

hematopoietic system, which must replenish billions of mature cells daily, stem cell 

division is infrequent and human HSCs are estimated to divide only once per 40 weeks 

despite estimates of only 50,000-200,000 total HSCs.359,360 In many regenerative tissues, 

the majority of cell divisions necessary to produce mature progeny are performed by 

transit-amplifying cells, highly proliferative progenitor cells that ultimately exhaust and 

differentiate, sparing the stem cell pool from replication-induced mutations.361 

5) Stem cells have distinct biomarkers. Though all cells can be roughly 

distinguished based on gene expression profiles and protein repertoires, much effort has 

been spent identifying those that are unique to stem cells. Characterization of the CD48 

and CD150 SLAM cell surface molecules of HSCs, for example, has enabled easier 

identification and flow cytometry-based purification of true stem cells from other 

progenitor populations.362 Identification of other stem cell markers, such as the 
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intermediate filament Nestin in neural stem cells and the G-protein coupled receptor 

LGR5 in intestinal and other epithelial stem cells,363,364 has greatly enhanced the ability 

to further study and characterize the functions of these stem cells.  

 

Tools to identify and characterize stem cell function: the H2B-GFP mouse model 

 Accumulating evidence now suggests that extensive heterogeneity can exist even 

within a pool of immunophenotypically similar cells. For example, single-cell murine HSC 

transplant experiments have demonstrated that a surprisingly small fraction of stem cells 

produce balanced numbers of mature progeny, with many HSCs disproportionately 

generating myeloid or lymphoid output.365,366 Lineage tracing studies, in which HSCs are 

labeled with unique DNA barcodes that can be tracked over time via single-cell 

sequencing, have been used to more clearly define transition boundaries over the 

differentiation process and examine the factors that influence cell fate decisions.367,368 

Collectively, these experiments highlight the differences present even within stringently-

defined immunophenotypic populations, and have resulted in new models of 

hematopoiesis in which HSCs exist along a continuum of differentiation potential, in 

contrast to the binary bifurcations posited by earlier models.369,370 

 Stem cell proliferation rates were initially characterized by the retention of labeled 

nucleotides, for example pulsing cells with the thymidine analog 5-bromo-2-deoxyuridine 

(BrdU) followed by a chase period in which dividing cells dilute the BrdU and the signal 

diminishes.371,372 Quiescent cells with low proliferation rates will retain the label and can 

be identified in flow cytometric or immunofluorescence microscopy assays. However, the 

cells need to be fixed and permeabilized to visualize the pulsed nucleotide, preventing 
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any further characterization of the labeled cells. To circumvent these barriers, the Elaine 

Fuchs lab developed a transgenic model in which GFP is fused to histone H2B under the 

control of a tetracycline-responsive regulatory element (TRE) and cytomegalovirus 

promoter (TRE-mCMV-H2B-GFP).373 This model constitutively expresses H2B-GFP 

owing to the strong activity of the CMV promoter.374 When crossed to mice harboring a 

tet-repressor protein, the addition of doxycycline suppresses H2B-GFP expression 

enabling a pulse-chase system. This system can be modified to be tissue-specific 

depending on the promoter or enhancer used to drive expression of the tet-repressor. 

This system offers two significant advantages over nucleotide labeling: first, cells do not 

need to divide to incorporate the label as histone H2B is a core component of the 

nucleosome; and second, GFP can easily be visualized with flow cytometry, enabling 

sorting and isolation of live label-retaining cells for downstream characterization. 

 The H2B-GFP model has been used extensively in a variety of tissues following its 

premier utilization to identify label-retaining, quiescent cells in the bulge of the hair 

follicle.373 The hematopoietic field adapted the H2B-GFP model by placing the tet-

repressor under the HSC-specific stem cell leukemia (SCL) promoter, and a number of 

landmark papers have been published with this system (Table 8). The system has also 

been modified to be under the control of a reverse tetracycline-controlled transactivator, 

such that addition of doxycycline drives expression of H2B-GFP, enabling an inducible 

pulse with withdrawal of doxycycline initiating the chase period.375,376 However, there have 

also been noted concerns that the system is ‘leaky’ and the H2B-GFP transgene is 

expressed independently of doxycycline administration.377 Further, although some 

histone proteins can be quite long-lived, the half-life of H2B-GFP is approximately 4 to 6  
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Table 8: Landmark Hematopoiesis Studies Using the H2B-GFP Mouse 
Reference System Findings 

Tumbar et al. 2004, Science K5 Tet-OFF Skin stem cells in the niche 
rarely divide but can abruptly 
begin cycling373 

Wilson et al. 2008, Cell  SCL Tet-OFF HSCs reversibly switch from 
dormancy to self-renewal under 
stress conditions102 

Foudi et al. 2009, Nat. Biotech. Rosa26 Tet-ON HSC quiescence is regulated by 
Gfi1, not p21376 

Sugimura et al. 2012, Cell SCL Tet-OFF Non-canonical Wnt signaling 
maintains HSC quiescence378 

Walter et al. 2015, Nature SCL Tet-OFF Stress-induced HSC activation 
accumulates DNA damage; 
HSCs with defects in the 
Fanconi Anemia pathway die 
after repeat activation379 

Bernitz et al. 2016, Cell hCD34 Tet-OFF HSCs that exceed 5 divisions 
can no longer reconstitute 
irradiated recipients380 

Cabezas-Wallscheid et al. 
2017, Cell 

SCL Tet-OFF Label-retaining HSCs lack 
biosynthetic activity381 

Kokkoliaris et al. 2020, Blood SCL Tet-OFF Cycling and dormant HSCs 
occupy different niches382 

Reference System Findings 

Challen & Goodell 2008, PLoS 
One CMV Tet-OFF 

85% of HSCs remain GFP+ after 
12 weeks of Dox chase; 5-FU 
treatment does not dilute GFP 

fluorescence intensity or 
positivity377 

Foudi et al. 2009, Nat. Biotech. Rosa26 Tet-ON 

H2B-GFP is not specific to 
HSCs as a single parameter; 
short-term progenitors retain 
GFP even after 24 weeks of 

chase376 

Morcos et al. 2020, JEM  The half-life of H2B-GFP is only 
4-6 weeks383 
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weeks, significantly shorter than the chase duration of many studies utilizing the H2B-

GFP mice (Table 8).383,384 Repeat pulse-chase experiments show label-retaining HSCs 

do not abruptly enter quiescence after four divisions, calling into question the results and 

conclusions from many high-profile studies.380,383 

 

Knowledge gaps to be addressed 

  Both the integration site of the H2B-GFP transgene, as well as the number of 

intact copies that integrated, are currently unknown. Transgenes randomly integrate into 

the host genome, and the insertion site can have substantial influence; insertional 

mutagenesis is a well-known consequence of a transgene integrating nearby or into 

existing genes, disrupting their endogenous expression levels. While this has been used 

as a discovery tool to identify cancer-promoting genes in forward genetics screens, it has 

also occurred in gene therapy trials and is considered a severe adverse effect.385–387 The 

integration site and orientation can also have profound effects on the transgene itself, 

known as the position effect.388,389 Integration near heterochromatin can result in 

progressive silencing of the transgene, and, conversely, integration near strong activating 

regulatory elements can increase basal expression, resulting in leakiness. Given the 

concerns of the high background of the H2B-GFP transgene, identifying and 

characterizing the integration site will likely provide insight as to whether the genomic 

position influences its expression level. Conclusively defining the insertion site will also 

provide additional context that can aid in interpreting results obtained from this model.  
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MATERIALS AND METHODS 

Mouse models 

 H2B-GFP mice were purchased from Jackson Laboratories (Strain 005104) and 

crossed with mice carrying a reverse tetracycline-controlled transactivator protein under 

control of the Rosa26 locus (Rosa26rtTA, Tet-ON). H2B-GFP genotyping was performed 

by Transnetyx. Cux1mCherry reporter mice were generated using CRISPR-Cas9. Single cell 

fertilized ova from B6.SJL/J mice were injected with a repair construct (12.5 ng/µL) 

consisting of a 2.8 kb 5’ homology arm, the mCherry reporter sequence, and a 1 kb 3’ 

homology arm along with sgRNA targeting the stop codon of exon 24 of Cux1 (5’-

CCAUCGAAUGGGAGUUC-3’) (25 ng/µL, IDT) and Cas9 (100 ng/µL, IDT). Repair 

constructs were purified from E. coli cultured for 8 hours in LB dissolved in cell culture-

grade water (37˚C, 250 rpm) using the EndoFree Plasmid Maxi Kit (Qiagen). Pups were 

screened for homologous repair by PCR and Sanger Sequencing to confirm the entire 

sequence inserted without mutation. Transgenic mice were backcrossed with B6.SJL/J 

for one generation to generate F1 founders.  

 H2BGFP/GFP; Rosa26rtTA/rtTA mice were crossed to Cux1mCh/mCh mice, and the 

resultant F1 progeny were crossed to attempt to generate H2BGFP; Cux1mCh/mCh; 

Rosa26rtTA/+ mice. 

 

H2B-GFP pulse-chase and flow cytometry 

 H2BGFP; Rosa26rtTA mice were given Dox chow for 30 days to load GFP, then 

switched to normal chow for a 150-day chase period. After the chase, bone marrow was 

isolated and RBCs were depleted with ACK lysis buffer. Cells were lineage depleted and 
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stained for the HSC markers Sca-1, c-kit, CD48, and CD150 using the same antibodies 

as in Table 4. Age-matched H2BGFP; Rosa26+ mice were used as controls.  

 

Copy-number identification and targeted locus amplification 

 qPCR was used to identify the copy-number390 of the H2B-GFP transgene by 

comparing the amplification cycle of GFP with that of a single-copy reference sample, the 

GFP downstream of the Cux1 shRNA from shCux1 and shCtrl mice, described in Chapter 

1. qPCR primers for GFP gDNA are: Forward 5’ GAACCGCATCGAGCTGAA 3’; Reverse 

5’ TGCTTGTCGGCCATGATATAG 3’. 

 Targeted locus amplification (TLA) was performed to identify the integration site of 

the H2B-GFP transgene.391 Briefly, 1x107 splenocytes from H2B-GFPtg/tg mice, and 

shCux1 mice as a control, were cross-linked with 37% formaldehyde for 10 minutes at 

room temperature before reverse-crosslinking with 1 M glycine and cell lysis. For DNA 

digestion, 5% SDS and 20% Triton X-100 were added for overnight incubation at 37˚C 

with NlaIII restriction endonuclease (New England Biolabs). T4 ligase (ThermoFisher) 

was added for 2 hours at room temperature, and DNA was purified and digested with NspI 

restriction endonuclease (New England Biolabs). T4 ligase was added again, and the 

now-circularized DNA was magnetically isolated with AMPure XP beads (Beckman). TLA 

PCR was performed on the purified DNA using 9 pairs of inverse primers originating in 

GFP and directed outward (Table 9), and the PCR product was magnetically purified by 

AMPure XP beads. Purified PCR products were submitted to the University of Chicago 

Genomics Core Facility for library preparation and Illumina sequencing (NovaSeq-6000) 

at a depth of 2 million reads.  
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Table 9: PCR Primers for Targeted Locus Amplification 
Primer Pair Forward primer (5’ -> 3’) Reverse primer (5’ -> 3’) 

1 TGATGGTCGAGCGCTTG CGTGTCCGAGGGTACTAAG 

2 CTCGACCAGGATGGGCA AAGTTCATCTGCACCACCG 

3 GTCAGCTTGCCGTAGGT CAGTGCTTCAGCCGCTA 

4 TTGAAGAAGATGGTGCGC ATCGAGCTGAAGGGCAT 

5 TGTCGCCCTCGAACTTC ACAAGCTGGAGTACAACTACA 

6 TGTTCTGCTGGTAGTGGT CCAACGAGAAGCGCGAT 

7 GATGTTGTGGCGGATCTTGAA AGTCCGCCCTGAGCAAA 

8 TTGATGCCGTTCTTCTGC ACAACCACTACCTGAGCA 

9 TGTTGTAATGCGCCAGG CTAAGGCCATCACCAAGTAC 
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RESULTS: DETERMINING THE INTEGRATION SITE OF THE H2B-GFP TRANSGENE 

H2B-GFP mice display leaky transgene expression 

 To assess the basal expression of the H2B-GFP transgene and identify label-

retaining cells, we set up a pulse-chase experiment with mice containing one copy of 

GFP-tagged H2B and a reverse tetracycline-controlled transactivator (rtTA) protein driven 

by the Rosa26 locus. Addition of doxycycline in the chow induces H2B-GFP expression. 

We initiated a 30-day pulse of doxycycline chow followed by a 150-day chase period 

(Figure 26A), using age-matched controls with no rtTA. Flow cytometry analysis of HSCs, 

gated on the classical LSK-SLAM markers,362 did reveal a population of GFP+ cells; 

however, age-matched controls displayed equivalent GFP positivity (Figure 26B), 

indicating aberrant transgene expression even in the absence of doxycycline to drive 

transcription. We note that our H2B-GFP system is a Tet-ON system, in contrast to many 

models referenced in Table 8, which utilize a Tet-OFF system. Consequently, our system 

may be particularly susceptible to leakiness as there is no tTA protein physically 

repressing transcription. Still, our results demonstrate inappropriate H2B-GFP expression 

and transgene leakiness in agreeance with previous studies.377,383 

 

H2B-GFP is located on chromosome 5 of the mouse genome 

 Our lab has previously shown that shRNA-based reduction in Cux1 levels alter 

HSPC self-renewal and proliferation, resulting in lethal myeloid disease in mice.135,142 To 

further characterize how variations in endogenous CUX1 levels influence HSC function, 

we generated a reporter mouse in which the endogenous 3’ end of the Cux1 gene is 

tagged with an in-frame mCherry fluorescent protein cDNA. This enables sorting cells into 
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fractions with high or low levels of CUX1, termed Cux1bright and Cux1dim, respectively, 

based on mCherry fluorescence which directly reflects CUX1 levels (Figure 27A). To 

identify differences in proliferation between Cux1dim and Cux1bright HSCs, we crossed 

homozygous Cux1mCh/mCh mice to homozygous H2BGFP/GFP mice. As the location of the 

H2B-GFP transgene is unknown, we performed a binary genotyping with primers for GFP 

and gel electrophoresis cannot distinguish heterozygosity from homozygosity. We 

therefore generated homozygous H2BGFP/GFP mice by crossing heterozygous founders 

together, then interbreeding the F1 generation until a cross yielded exclusively H2BGFP 

pups. Homozygosity was confirmed by interbreeding the F2 animals and again obtaining 

exclusively H2BGFP pups. After the initial P generation cross between H2BGFP/GFP and 

Cux1mCh/mCh mice, we interbed the resultant heterozygous F1 offspring with the goal of 

generating H2BGFP; Cux1mCh/mCh mice to study GFP retention in Cux1dim and Cux1bright 

HSCs (Figure 27B).  

We expected Mendelian ratios of F2 offspring following independent assortment 

(Figure 27C); however, we observed ratios of offspring that closely approximated the 

1:2:1 ratio characteristic of a monohybrid cross (Figure 27D), indicating strong linkage 

disequilibrium. As Cux1 is located within the 5A3 chromosome band in the murine 

genome, these results demonstrate that the H2B-GFP transgene is located on murine 

chromosome 5. We recovered only a single recombinant offspring in 88 pups in which the 

H2BGFP allele had segregated away from the Cux1mCherry allele, resulting in a H2B+/+; 

Cux1mCh/+ genotype (Figure 27D). It is possible there are additional recombinants with 

the genotype H2BGFP/GFP; Cux1mCh/+ in which the recombination event conferred 

homozygosity at the H2B-GFP locus; however, these offspring would be indistinguishable 
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Figure 26: The H2B-GFP transgene is promiscuously expressed. 
 
A) Experimental schematic for the pulse-chase designed to identify label-retaining HSCs. 
H2B-GFP mice with the Tet-ON rtTA were given doxycycline-containing chow for 30 days 
to load GFP, then switched to normal chow for 150 days to allow GFP dilution. B) HSCs 
(Lineage-; Sca-1+; c-kit+; CD48-; CD150+) were gated and examined for GFP retention. 
Age-matched controls display high levels of GFP fluorescence despite no rtTA element. 
A negative control with no H2B-GFP transgene is shown on top. 
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Figure 27: Linkage disequilibrium of H2B-GFP and Cux1mCherry. 
 
A) Schematic showing the distinction between Cux1dim and Cux1bright HSCs based on the 
spectrum of mCherry fluorescence, which directly reflects CUX1 protein levels. B)  Outline 
of the breeding scheme to cross the H2B-GFP and Cux1mCherry alleles together. Parent 
mice homozygous for each gene are bred together to generate F1 heterozygotes, which  
 

LT-HSCs 

Cux1mCh/mCh 
mCherry MFI 

Cux1dim 

Low Expression 
Cux1bright 

High Expression 

Cux1mCh/mCh 
x 

H2BGFP/GFP 

Cux1mCh/+ ; H2BGFP/+ 

P1 

F1 

P2 

F2 

A. B. 

C. 

D. 

Expected: Independent Assortment 

Observed: Linkage Disequilibrium 

Single  
recombinant 

Dihybrid Cross: 
c2 = 12.778 
p = 0.0051 
 
Monohybrid Cross: 
c2 = 0.727 
p = 0.6951 
 



 138 

Figure 27 continued 
 
are interbred in to set up a dihybrid cross. Approximately 1 in 16 resulting offspring should 
be homozygous for both H2B-GFP and Cux1mCherry. C) The expected phenotypes from a 
dihybrid cross that follows Mendel’s law of independent assortment, yielding a 9:3:3:1 
phenotypic ratio. Cells are color-coded to denote the outward phenotype. Because the 
location of the H2B-GFP transgene is unknown, zygosity cannot be determined.  D) The 
observed phenotypes from the F1 dihybrid cross, which closely approximates the 1:2:1 
ratio characteristic of a monohybrid cross. In 88 pups genotyped, only a single animal 
displayed a detectable genotype consistent with meiotic recombination between the H2B-
GFP and Cux1mCherry loci. Chi-square test statistic for dihybrid cross c2 = 12.778,  
p = 0.0051. Chi-square test statistic for monohybrid cross c2 = 0.727, p = 0.6951. 
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from H2BGFP/+; Cux1mCh/+ animals. Therefore, we conservatively estimate the H2B-GFP 

transgene to be located approximately 1 megabase from the Cux1 locus.392 

  

Three copies of H2B-GFP integrated into the mouse genome 

 We used qPCR to identify the number of copies of H2B-GFP in the murine 

genome. We established a standard curve using genomic DNA from shCux1 mice, which 

harbor a single copy of GFP.135 We compared the amplification cycle of GFP in DNA 

isolated from the splenocytes of heterozygous H2B-GFP mice to the calibration curve, 

and determined there are likely three copies of H2B-GFP integrated into the mouse 

genome (Figure 28).  

 To precisely identify the insertion location, we performed targeted locus 

amplification (TLA), a cross-linking-based technique that generates DNA libraries 

covering approximately 100 kb of sequence flanking an inverse primer pair.391 We  

generated TLA libraries using DNA from heterozygous H2B-GFP founder mice and 

shCux1 mice as a positive control, since the location of GFP in these mice is known to be 

downstream of the Col1a1 locus.135 As fewer than one million reads can provide adequate 

depth and locus coverage to identify integration sites, we submitted 9 sequencing libraries 

using multiple inverse primer pairs originating in GFP (Table 9). Bioinformatic analysis, 

including in silico NlaIII digestion for reads that initially fail to align, should reveal the 

boundary region where known genomic sequences meet GFP. Sanger sequencing can 

then be performed to identify the precise nucleotide break points, and examination of the 

integration region may provide insight regarding inappropriate transgene expression.  
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Figure 28: Three copies of H2B-GFP integrated into the mouse genome. 
 
A qPCR standard amplification curve was generated by adding increasing amounts of 
genomic DNA isolated from shCux1 splenocytes, which harbor one copy of GFP. The 
amplification cycle of genomic DNA isolated from H2B-GFP splenocytes is located 
between two and four copies of GFP, closely approximating three copies.  
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DISCUSSION 

Overview and Implications 

 Here we have initiated the process of identifying the integration site of the H2B-

GFP transgene in the mouse genome to determine if its chromosomal location has a 

transcriptional influence. Our preliminary data utilizing a Tet-ON system demonstrate 

leakiness and inappropriate GFP expression even in mice lacking the rtTA element, which 

should be unable to induce transcription in the absence of doxycycline (Figure 26). 

Though our system differs from most published models, which are Tet-OFF, the location 

of the H2B-GFP transgene remains the same in both systems and thus defining the 

precise integration site will still be informative.  

We narrowed the integration location to murine chromosome 5 through our 

attempts to cross the H2B-GFP transgene into a Cux1-mCherry-tagged strain, noting that 

the inheritance pattern closely matched a monohybrid Mendelian cross (Figure 27). 

Comparison of the qPCR amplification cycle of H2B-GFP to a calibration curve suggests 

three copies of the transgene integrated within chromosome 5 (Figure 28). The precise 

boundaries of the integrate site are expected to be revealed by our TLA sequencing 

libraries. Presumably, the transgene integrated into a region of open chromatin near 

strong enhancer or promoter sequences that can drive transcription even in the presence 

of the tTA transcriptional repressor. Further functional studies, such as CRISPR 

inactivation or removal of such sequences, will gauge their influence on the H2B-GFP 

transgene. Many high-profile publications have utilized the H2B-GFP model and drawn 

conclusions about HSC biology and function (Table 8); a better understanding of the 

methodological tool used in these studies may therefore suggest revising the conclusions.  
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