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ABSTRACT OF THE DISSERTATION 

 

Characterization of Chromosomal Abnormalities Reveals Non-Canonical  
 

Hippo Kinase Functions in Hematologic Malignancy 
 
 

by 

 

Samuel Alton Stoner 

Doctor of Philosophy in Biomedical Sciences 

University of California San Diego, 2019 

 

Professor Dong-Er Zhang, Chair 

 

 Chromosomal abnormalities are frequent events in human cancer and are 

especially prevalent in hematological malignancies. Here, through the 

characterization of chromosomal abnormalities del(20q) and t(8;21) we reveal 

unexpected non-canonical functions of the mammalian Hippo kinase in hematologic 

cancer.  

 Somatic heterozygous deletions on chromosome 20q are detected in several 

hematopoietic malignancies, including myelodysplastic syndrome (MDS), classical 



 
 

xiv 
 

myeloproliferative neoplasm (MPN), MDS/MPN overlap disorders, and acute 

leukemias. To date, identification of genes in the del(20q) common deleted region 

that contribute to disease development have remained elusive. Through assessment 

of patient gene expression we have identified STK4 (encoding Hippo kinase MST1) 

as a 20q gene that is downregulated below haploinsufficient amounts in MDS and 

MPN. Functional modeling of hematopoietic-specific gene inactivation in mice 

revealed Hippo kinase loss to cause phenotypes that closely resemble those 

observed in patients harboring del(20q), and to cooperate with JAK2-V617F mutation 

in promoting adverse MPN disease progression to myelofibrosis. Mechanistic studies 

revealed that myelofibrotic transformation in mice was associated with cooperative 

effects of JAK2-V617F and Hippo kinase inactivation on IRAK1-dependent innate 

immune-associated proinflammatory cytokine production, including IL-1β and IL-6. In 

summary, we find Hippo kinase MST1 (STK4) as having a central role in the biology 

of del(20q)-associated hematologic malignancies.  

 Through biochemical and functional studies based on the characterization of 

t(8;21) in acute myeloid leukemia, we also define a novel Hippo-RASSF2 signaling 

pathway that regulates basal Rac GTPase activity in hematological cancer and can 

be exploited for therapy in patients. This non-canonical signaling mechanism is 

independent of Hippo kinase activity, and is instead mediated by a SARAH domain-

dependent interaction. Using proximity-based biotin labeling, we associate RASSF2 

with Rho GTPase-related complexes and identify a direct interaction with the critical 

Rac guanine nucleotide exchange factor (GEF), DOCK2. RASSF2 promotes DOCK2 

GEF activity in vitro; and RASSF2 knockdown is sufficient to functionally abolish 
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GTP-bound Rac and promote growth-arrest in leukemia cells. Importantly, RASSF2 

expression is broadly correlated with leukemia cell sensitivity to small-molecule 

inhibition of DOCK2 GEF activity, revealing novel mechanistic insight and providing a 

functional biomarker for sensitivity to perturbation of this pathway in hematological 

cancer. 
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Chapter 1. Introduction  

1.1. Del(20q) chromosomal abnormality in hematological malignancy 

 Heterozygous somatic deletions within the q arm of chromosome 20, or 

del(20q), are among the most frequently detected chromosomal abnormalities in 

overt myeloid neoplasms such as myelodysplastic syndrome (MDS) and classical 

myeloproliferative neoplasm (MPN), as well as in clonal hematopoiesis associated 

with aging. Del(20q) is especially prevalent in MPN, where it is the most frequent 

cytogenetic abnormality found in primary myelofibrosis. When present as a sole 

chromosomal abnormality, del(20q) is typically associated with a favorable prognosis 

in patients. Thrombocytopenia, or a relatively reduced platelet count, is the most 

consistent hematological phenotype across both MDS and MPN patients harboring 

del(20q), suggesting that it is a defining clinical feature caused by this chromosomal 

abnormality. Genomic studies have mapped a minimal common deleted region 

shared among patient cohorts that is centered on chromosome 20q11.23 – 

20q13.12. To date, functional analyses and modeling in mice have implicated several 

genes in this region that contribute to del(20q)-associated hematologic malignancies: 

L3MBTL1, MYBL2, PTPN1, and STK4. Although there is no evidence of homozygous 

inactivation of del(20q) genes through mutation, functional modeling suggests that 

haploinsufficiency of these genes may uniquely contribute to the specific hematologic 

phenotypes that together define the clinical presentation of the del(20q) mutation in 

patients.  
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 Chromosomal abnormalities are frequent events in human cancer and are 

especially prevalent in hematological malignancies1. Hematologic-specific examples 

of these abnormalities include recurring chromosomal translocations that are 

functional driver mutations in acute myeloid leukemia (AML), as well as large-scale 

genomic copy number gain/loss events, such as recurring interstitial chromosomal 

deletions observed across myeloid neoplasms, among numerous other examples2. 

The incorporation of this genomic information is essential for the clinical evaluation of 

hematological malignancy patients, and is informative with regards to diagnosis, 

prognosis, and choice of therapy3.  

 Heterozygous somatic deletions within the q arm of chromosome 20 (del(20q)) 

are among the most frequent of these chromosomal abnormalities detected across 

several hematological malignancies, including myelodysplastic syndrome (MDS), 

classical myeloproliferative neoplasm (MPN), MDS/MPN overlap disorders such as 

chronic myelomonocytic leukemia (CMML), and acute leukemias. The presence of 

this chromosomal deletion event (which has since been mapped to human 

chromosome 20q) in myeloid neoplasms was first identified over 50 years ago4,5. 

Since then, a substantial body of both basic laboratory research and clinical 

investigation has significantly improved our understanding of the involvement of this 

chromosomal abnormality in diverse hematological malignancies. Here we will seek 

to comprehensively review del(20q) in hematological malignancy. First, we will briefly 

summarize the clinical characteristics, including prevalence, prognostic information, 

and unique hematological phenotypes associated with del(20q) across numerous 

myeloid neoplasms and in clonal hematopoiesis associated with aging. Then we will 
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discuss genomic mapping efforts performed to identify a 20q minimal common 

deleted region (CDR), and the associated functional and mechanistic consequences 

of loss of this genomic region as determined by characterizing inactivation of 20q 

genes in mouse models and biochemical studies. 

 

1.1.1. Del(20q) in Myelodysplastic Syndrome 

 Myelodysplastic Syndrome (MDS) is a heterogeneous hematologic 

malignancy that is defined by peripheral cytopenias, cellular morphological dysplasia, 

aberrant clonal hematopoietic output, and increased propensity for transformation to 

acute leukemia6. Recurring large-scale chromosomal abnormalities are frequently 

detected in MDS and provide meaningful diagnostic and prognostic information in 

patients6. Del(20q) is typically reported at overall frequencies ranging between 2 – 

7% in MDS patient cohorts7-9, making it less common than other recurring 

cytogenetic abnormalities, such as del(5q) and monosomy 7 / del(7q). In contrast to 

some other cytogenetic abnormalities, detection of del(20q) in a bone marrow 

karyotypic analysis is not considered to be MDS-defining in a cytopenic patient 

without additional evidence of diagnostic morphologic dysplasia, according to WHO 

classification2. Incidental detection of del(20q) in bone marrow specimens, but in 

absence of peripheral cytopenias, was reported to not confer increased risk for later 

development of MDS10. Cases of therapy-related MDS with del(20q) are also rarely 

detected relative to other recurring cytogenetic abnormalities11,12. Del(20q), without 

the presence of other complex genetic abnormalities, confers a favorable prognosis 
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in MDS. Long-term follow-up in a large cohort of MDS patients revealed del(20q) as a 

sole abnormality to confer overall median survival of ~5.9 years8, however this rapidly 

declines if it is part of a more complex karyotype. The revised MDS International 

Prognostic Scoring System (IPSS-R)13, which incorporates five cytogenetic 

prognostic subgroups, includes del(20q) as a single abnormality in the „Good‟ 

subgroup. This is the second-most favorable prognostic group, and is associated with 

a median overall survival of ~4.1 years14.  

 In the largest analyzed cohort of 217 patients with del(20q) MDS, 161 (~75%) 

had MDS without evidence of blast increase, the majority of which were classified as 

refractory anemia / refractory cytopenia with unilineage dysplasia (RA/RCUD)11. 

Among the remaining ~25% of patients with advanced MDS, the majority were 

classified as refractory anemia with excess blasts type 1 (RAEB-1). Assessment of 

MDS patients with del(20q) as a sole cytogenetic abnormality has revealed specific 

clinical characteristics and phenotypes that are associated with this molecular 

lesion11,15,16. MDS with del(20q) as a sole abnormality frequently presents as an 

indolent disease with isolated thrombocytopenia and minimal evidence of 

morphological dysplasia that is restricted to the erythroid and megakaryocytic 

lineages15,16. As such, reduced platelet count compared to non-del(20q) MDS (mean 

144 versus 196 x 109/L) has been reported as a significant clinical phenotypic feature 

associated with this abnormality15. Importantly, this thrombocytopenia phenotype is 

consistently observed in del(20q) across additional hematologic malignancies (see 

further discussion of MPN below), suggesting that it is a defining feature of 

chromosome 20q deletions. Anemia is often observed, though less frequently than 
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thrombocytopenia, and if present is typically mild and normocytic in sole del(20q) 

MDS15,16. Lower bone marrow blast frequencies (mean 3.9% versus 5.6%) have also 

been reported for patients with sole del(20q) MDS relative to non-del(20q) MDS15. 

Despite the lower blast counts, the rate of progression to AML among sole del(20q) 

patients is similar to that observed in patients with non-del(20q) favorable karyotype 

MDS11,15. Within del(20q) MDS patients, co-mutation of ASXL1 is associated with 

significantly inferior survival and accelerated transformation to AML11, demonstrating 

that evaluation of ASXL1 status is particularly important in MDS patients harboring 

del(20q). 

 

1.1.2. Del(20q) in classical Myeloproliferative Neoplasm 

 The classical myeloproliferative neoplasms (MPNs), also known as BCR-ABL- 

MPNs, are classified into three distinct entities that are defined by the overproduction 

of terminally differentiated blood cells. Polycythemia Vera (PV) is characterized by 

excessive production of erythrocytes with variable megakaryocytic and granulocytic 

hyperplasia; Essential thrombocythemia (ET) is characterized by excessive platelet 

production and megakaryocytic hyperplasia; and Primary Myelofibrosis (PMF) 

presents with more heterogenenous phenotypes, but is characterized by bone 

marrow fibrosis, myeloproliferation in the spleen, and variable megakaryocytic 

hyperplasia17. Del(20q) is among the most frequently detected cytogenetic 

abnormality in MPN patients, where it is typically reported at frequencies between 7 – 

25% in patient cohorts overall18-21. Furthermore, it is the most frequently detected 



 

6 
 

cytogenetic abnormality in PMF18,21, making this mutation a high priority for further 

characterization in this disease context. Among MPNs, prognosis of PMF patients in 

particular remains dismal22.  Incorporation of cytogenetics, in addition to other factors 

and hematological phenotypes, is informative with regards to prognosis and risk 

stratification in PMF23. A recently revised cytogenetic risk stratification in PMF 

identifies del(20q) as a sole chromosomal abnormality to be included in the 

„favorable‟ risk category, for which median survival in patients is ~4.4 years21. In this 

cohort, the survival of patients with del(20q) as a sole abnormality is not significantly 

different from patients with normal karyotype21. Del(20q) does not appear to be 

associated with any change in risk for MPN transformation to AML24.  

 Within MPNs, PMF has the highest frequency of cytogenetic abnormalities 

overall19. Interestingly, del(20q) mutation appears to be exclusively associated with 

PV, PMF, and post-PV myelofibrosis, but almost never detected in ET19. Similar as to 

in MDS, thrombocytopenia is a significant clinical phenotypic correlate in del(20q) 

PMF patients, (~50% of patients with platelet counts <100 x 109/L)20. Together, these 

findings reinforce the idea that impaired platelet production is a defining feature of the 

del(20q) mutation, regardless of type of malignancy. Peripheral leukopenia has also 

been reported as a significant phenotypic correlate that appears to be unique among 

del(20q) PMF patients, and leukocytosis is less frequently observed in del(20q) PMF 

relative to non-del(20q) PMF20. 
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1.1.3. Del(20q) in additional hematologic malignancies and clonal 

hematopoiesis 

 There are many documented cases of detection of del(20q) clones in patients 

initially diagnosed with immune thrombocytopenia (ITP, formerly designated as 

idiopathic thrombocytopenic purpura), an acquired autoimmune disorder resulting in 

immune-mediated destruction of platelets25,26. These diagnoses are typically made 

upon bone marrow examination of elderly patients that have not responded to 

standard ITP therapy26. Given the hypodysplastic nature and frequent isolated 

thrombocytopenic presentation of MDS with del(20q) as a sole abnormality11,15,16, 

these likely represent misdiagnosis of an indolent MDS without clear evidence of 

cellular morphological dysplasia. Incorporation of cytogenetic analysis from bone 

marrow sampling is therefore critical for distinction between MDS with del(20q) and 

ITP16.  

 Del(20q) is detected at appreciable frequency in the MDS/MPN overlap 

disorder CMML. Approximately 30% of CMML patients are detected with abnormal 

karyotype. Del(20q) is among the most frequent of these, being detected in ~8% of 

CMML patients overall27,28. In contrast to MDS, CMML-specific cytogenetic risk 

stratification incorporates del(20q) mutations in the intermediate risk group, 

demonstrating that it is not universally associated with a more favorable prognosis 

across all hematologic malignancies29,30. Based on one study of 38 patients, del(20q) 

appears to be especially prevalent in MPN with chronic eosinophila, where it was the 

most frequently detected large-scale genomic loss event (32%)31.  
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 In the absence of overt cancer, somatic mosaic chromosomal abnormalities 

are detectable in the peripheral blood at frequencies that increase with age and 

approach 1 - 2% of individuals by 75 years32,33. Detectable age-related clonal 

hematopoiesis is also associated with single nucleotide variants in genes that are 

commonly mutated in overt hematological malignancy, such as DNMT3A, TET2, and 

ASXL134,35.  Detection of these events is associated with significantly increased risk 

for later development of hematological cancer, demonstrating a biologically 

meaningful existence of „pre-malignant‟ clonal hematopoiesis that coincides with 

aging32-37. Recently, it has become appreciated that somatic deletions within 

chromosome 20q are the most common large-scale chromosomal abnormality 

detected in the peripheral blood of the aging human population. Del(20q) has been 

detected in aging individuals without overt evidence of myeloid malignancy at 

prevalences of 0.11%38 and 0.09%39, or approximately one in 1000 individuals over 

the age of 55. Assessment of health outcomes (4 – 9 years post DNA sampling) in 

the largest cohort of individuals to date, found the presence of somatic heterozygous 

del(20q) mutations to confer significantly increased risk for development of any blood 

cancer, further demonstrating that this mutation is of functional consequence and not 

simply a passenger mutation39. The presence of multiple genes within the deleted 

region of chromosome 20q encoding transcriptional regulatory proteins that 

contribute to cell cycle progression and differentiation of hematopoietic stem cells 

(HSCs) likely underlies the association between del(20q) and clonal hematopoiesis 

(see further discussion below). 
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1.1.4. Genomic mapping of the minimal common deleted region 

 Genomic mapping of the minimal common deleted region (CDR) of large-scale 

genomic loss events has facilitated identification of the critical genes and underlying 

molecular mechanisms associated with myeloid malignancy. A variety of methods 

have been utilized to define the minimally common deleted region (CDR) shared 

amongst all individuals harboring del(20q) mutations (Table 1.1, Figure 1.1)11,38,40-46. 

Two early studies using Microsatellite PCR defined a highly similar CDR across 

MDS, MPN, and AML patients; which maps to an approximately 5 Mb region 

spanning chromosome 20q12 – 20q13.1240,41. Using fluorescence in situ 

hybridization (FISH), a follow-up study further narrowed the CDR to an approximately 

1.7 Mb region that was common between MDS and MPN patients42. A nearly 

identical minimal 1.7 Mb CDR was recently recapitulated by SNP-array in a large 

cohort of individuals harboring clonal somatic del(20q) mutations in their peripheral 

blood without overt hematologic cancer38. The majority of mapping studies to date 

have defined a similar region, albeit slightly larger and extended at the telomeric side 

within 20q13.1211,44,46. As such, most of the initial del(20q) functional studies have 

focused on characterization of genes located within the minimally-defined 1.7 Mb 

CDR spanning chromosome 20q11.23– 20q13.12.  

 Interestingly, at least two studies did not identify a conclusive CDR shared 

amongst all individuals with del(20q) in their cohorts of 23 and 130 individuals, 

respectively39,45. The first of these studies proposed the idea for two distinct CDRs, 

one within band q11.23, and another within band q13.12, however these regions 

were primarily defined by the unique breakpoints of a single patient45. In the most 
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comprehensive analysis of clonal somatic chromosomal alterations to date, including 

SNP-array mapping for 130 individuals with chromosome 20q deletions39, it is readily 

apparent that there is no definitive CDR shared amongst all of these individuals. 

Further complicating interpretation of critical genes in the del(20q) region, it is 

important to note that the minimal CDR does not reflect the typical size of the deleted 

region in individuals. In fact, the majority of individuals harbor significantly larger 

deletions that are greater than 10 Mb, with an average size of 15-20 Mb, and there is 

a large amount of variation in breakpoints between individuals. It is also important to 

note that individuals in this cohort39 do not have overt hematologic malignancy, only 

age-related clonal hematopoiesis, and whether specific gene deletion events may 

skew the propensity for overt malignancy may warrant further investigation. 
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Table 1.1. Summary of del(20q) minimal common deleted region genomic 
mapping. 
MDS, myelodysplastic syndrome; MPN, myeloproliferative neoplasm; AML, acute 
myeloid leukemia; CDR, common deleted region; PCR, polymerase chain reaction; 
FISH, fluorescence in situ hybridization; CGH, comparative genomic hybridization; 
SNP, single nucleotide polymorphism. 
 

Study Cohort Method Minimal CDR 

Wang, et al. 
(1998)40 

23 patients (MDS, 
MPN, AML) 

Microsatellite 
PCR 

5.8 Mb, 20q12-20q13.12 (hg38: 
chr20:39,662,385-45,267,845) 

Bench, et al. 
(1998)41 

31 patients (MDS 
and MPN) 

Microsatellite 
PCR 

MDS: 5.0 Mb, 20q12-20q13.12 
(hg38: chr20:40,168,149-
45,139,903) MPN: 6.0 Mb, 

20q12-20q13.12 (hg38: 
chr20:39,096,517-45,139,903) 

Bench, et al. 
(2000)42 

42 patients (MDS, 
MPN, AML) 

FISH 1.7 Mb, 20q12-20q13.12 (hg38: 
chr20:42,201,801-44,069,496) 

Douet-
Guilbert, et 
al. (2008)43 

38 patients (MDS, 
MPN, MDS/MPN) 

FISH 6.6 Mb, 20q11.23-20q13.12 
(hg38: chr20:38,533,628-

44,815,789) 

Schaub, et 
al. (2009)44 

8 patients (MPN) Array-CGH 9.0 Mb, 20q11.23-20q13.12 

Huh, et al. 
(2010)45 

23 patients (MDS, 
MPN, AML) 

SNP Array CDR1: 2.5 Mb, 20q11.23-20q12 
(hg18: chr20:34968,632-

37,417,814) CDR2: 1.8 Mb, 
20q13.12 (hg18: 

chr20:43,636,105-45,417,399) 

Okada, et al. 
(2012)46 

12 patients (MDS, 
MPN, AML) 

Array-CGH 7.2 Mb, 20q12-20q13.13 (hg18: 
chr20:39,933,662-47,180,979) 

Bacher, et al. 
(2014)11 

30 patients (MDS) Array-CGH 4.6 Mb, 20q12-20q13.12 (hg18: 
chr20:41,067,253-45,700,000) 

Machiela, et 
al. (2017)38 

107 individuals w/o 
hematologic 

malignancy (clonal 
hematopoiesis) 

SNP Array 1.7 Mb, 20q12-20q13.12 (hg18: 
chr20:40,425,000-42,155,000) 

Loh, et al. 
(2018)39 

130 individuals w/o 
hematologic 

malignancy (clonal 
hematopoiesis) 

SNP Array None defined 
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Figure 1.1. Summary of genomic mapping of the del(20q) minimal common 
deleted region (CDR) in hematological malignancy patients and individuals 
with clonal hematopoiesis associated with aging.  
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1.1.5. Functional characterization of del(20q)-relevant genes 

 Several attempts to identify loss of heterozygosity (LOH) of individual genes or 

regions on the intact chromosome 20 have been performed, with no success to date. 

These results suggest that combined haploinsufficiency of multiple 20q genes is likely 

more important for disease onset than complete inactivation of a single tumor 

suppressor. The absence of homozygous deletions may also indicate that 

inactivation of one or more genes within the 20q CDR is incompatible with normal 

adult hematopoiesis and/or detrimental to clonal hematopoietic stem cell (HSC) 

outgrowth. Importantly, a portion of the 20q CDR was found to be a maternally-

imprinted locus in humans47. At least two genes, L3MBTL1 and SGK2, show 

complete loss of transcript expression via imprinting in del(20q) patient-derived 

CD34+ hematopoietic cells and in two AML cell lines with heterozygous del(20q)48. 

These findings are suggestive that specific deletion of the paternally-derived 

chromosome 20q locus favors development of malignancy, however further studies 

would be needed to clarify this. Against this idea, at least two studies have found 

evidence of both paternally-derived and maternally-derived del(20q) clones in patient 

cohorts44,49. Studies performing the functional characterization of del(20q) CDR 

genes in a hematological context are summarized in Table 1.2. 

 L3MBTL1, the first-identified candidate tumor suppressor within the del(20q) 

CDR, encodes a chromatin reader that is a homolog of Drosophila Polycomb-group 

proteins. L3MBTL1 promotes chromatin compaction and transcriptional repression 

through direct interaction with mono- and di-methylated lysine residues on histones 

H4 and H1b, in a manner dependent on three malignant brain tumor (MBT)-repeat 
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domains47,50-53. Initial chromatin immunoprecipitation (ChIP) analysis revealed 

L3MBTL1-bound targets to be enriched for Rb/E2F-regulated genes, including MYC 

and CCNE1, suggesting a role in cell cycle regulation52. L3MBTL1 was also found to 

associate with, and promote repression of, p53-target genes through a direct 

interaction with mono-methylated p53 protein54. Knockdown of L3MBTL1 in non-

hematopoietic cancer cell lines results in increased DNA damage and G2/M-phase 

cell cycle arrest55. In the hematopoietic context, shRNA-mediated knockdown of 

L3MBTL1 in primary human CD34+ cells results in enhanced differentiation towards 

the erythroid, but not the megakaryocytic or myeloid lineage; potentially contributing 

to the high frequency of del(20q)-associated Polycythemia Vera (PV)48,56. In addition 

to increasing erythroid differentiation of HSCs, shRNA knockdown of L3MBTL1 

primes human induced pluripotent stem cells (iPSCs) towards hematopoietic 

commitment via de-repression of a BMP/SMAD5-dependent transcriptional 

network57. Together, these data demonstrate a meaningful physiological role for 

genetic-depletion of L3MBTL1 affecting hematopoietic cell-fate specification via its 

function as a repressive chromatin reader. Surprisingly, and contrary to these 

findings, mice with germline genetic inactivation of L3mbtl1 were born at normal 

ratios with no developmental defects, and possessed no detectable hematopoietic 

phenotypes or altered cell cycle regulation58. Although these findings may convolute 

our understanding of L3MBTL1 as a critical del(20q) tumor suppressor in malignancy, 

it remains possible that genetic background or genetic compensation by other MBT-

domain proteins59 can explain the difference between mouse and human. To the best 

of our knowledge, whether somatic hematopoietic inactivation in adult mice (such as 
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using interferon-inducible Mx1-Cre) may produce different phenotypes has not been 

investigated.  

 MYBL2 (B-MYB) is a MYB-related transcription factor that plays an important 

role in cell-cycle progression in a variety of proliferating cell types, including 

hematopoietic stem cells and megakaryocytes60,61. Two independent studies found 

MYBL2 expression to be significantly downregulated not only in del(20q) MDS 

patients, but also more broadly across MDS patients regardless of mutation status, 

highlighting its important role as a tumor suppressor in this disease62,63. Genetic 

modeling in mice has further revealed the importance of MYBL2 as a tumor 

suppressor in hematological malignancy, especially MDS. Conditional heterozygous 

inactivation of Mybl2 increased the propensity for development of myeloid disease in 

aged (>52-weeks) mice, including MDS, MPN, and AML62. Similarly, shRNA-

mediated knockdown of Mybl2 to sub-haploinsufficient amounts promotes a 

competitive clonal growth advantage in HSCs and recapitulates myelodysplastic 

phenotypes in mice 63. From a mechanistic standpoint, MYBL2 was recently found to 

be an important regulator of DNA double-strand break (DSB) repair in HSCs64. Here 

it was shown that both low MYBL2-expressing MDS patient-derived CD34+ cells and 

Mybl2+/- murine HSCs have delayed DSB repair kinetics, suggesting that del(20q)-

associated MYBL2 loss may contribute to malignancy through increasing genomic 

instability.  

 PTPN1 (PTP1B) is a non-transmembrane protein tyrosine phosphatase that 

dephosphorylates numerous cellular targets, including JAK265. As such, PTPN1 is 

considered an important negative regulator of JAK/STAT pathway activation in a 
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variety of cellular contexts66. Somatic inactivating mutations affecting PTPN1 that 

result in increased JAK/STAT activation have been reported at high frequency in both 

Hodgkin lymphoma and primary mediastinal B cell lymphoma, highlighting a tumor 

suppressor role in hematopoietic cancer67,68. Similarly, alternative splice products of 

PTPN1 have been reported to encode dominant negative proteins that can further 

contribute to enhanced JAK/STAT activation in Hodgkin lymphoma cells69. Although 

located slightly telomeric relative to the defined CDR (see Figure 1), PTPN1 was 

recently identified as being deleted in a majority of del(20q) malignancy patients, with 

especially high prevalence in MPN70. Remarkably, this study found that conditional 

homozygous inactivation of Ptpn1 in mice was sufficient to induce MPN-associated 

phenotypes, including splenomegaly, peripheral neutrophilia, and reticulin fibrosis in 

the bone marrow and spleen; as well as increase the activation of JAK/STAT and 

MAPK signaling in hematopoietic bone marrow cells. These data highlight a role for 

del(20q)-associated PTPN1 loss contributing to MPN development by further 

amplifying driver mutation-mediated hyperactivation of the JAK/STAT signaling 

pathway.  

 STK4 (MST1) encodes a serine/threonine kinase that is one of two 

mammalian orthologues of Drosophila Hippo, an upstream regulator of the tumor 

suppressive Hippo signaling pathway71. In contrast to most tissues and solid tumor 

types, however, STK4 functions through numerous non-canonical mechanisms, 

rather than the canonical Hippo pathway, in the hematopoietic context72. Notably, 

STK4 has recently been found to be an important negative regulator of innate 

immune activation of NF-kB through TLR/IRAK1-dependent signaling pathways in 
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macrophages73,74. The importance of STK4 in normal hematopoietic / immune cell 

function has been further revealed by the identification of rare individuals harboring 

homozygous germline inactivating mutations, which present as a combined 

immunodeficiency with frequent autoimmune manifestations75-77. Through 

assessment of published gene expression in MDS and MPN patient cohorts, we 

recently identified STK4 as being consistently downregulated to sub-haploinsufficient 

amounts in patients harboring the del(20q) mutation. Through modeling conditional 

gene inactivation in mice we found that sub-haploinsufficient Hippo kinase 

inactivation induces a robust thrombocytopenia phenotype that is associated with 

megakaryocytic dysplasia, demonstrating the presence of this gene within the 20q 

deleted region to contribute to the distinct platelet-related phenotypes associated with 

del(20q) in patients. Importantly, we also found that heterozygous gene inactivation 

cooperates with JAK2-V617F expression to accelerate MPN progression to lethal 

myelofibrosis, which was mediated by cooperative activation of innate-immune 

proinflammatory cytokine expression, including IL-1B and IL-6. This aberrantly 

elevated proinflammatory cytokine production was IRAK1-dependent, revealing a 

potential therapeutic strategy for mitigating chronic innate immune activation 

associated with del(20q) in PMF. In long-term competitive bone marrow transplant 

assays heterozygous Hippo kinase inactivation was not sufficient to promote a clonal 

advantage in HSCs, suggesting that it must cooperate with loss of additional 20q 

genes, such as those described above, to drive the full del(20q) hematopoietic 

phenotype.  
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 ASXL1 warrants its own special consideration in the context of chromosome 

20q mutations. ASXL1 mutations are among the most frequent recurrent somatic 

mutations in myeloid neoplasms and clonal hematopoiesis78. ASXL1 mutations are 

located towards the C-terminal end of the translated protein and are primarily thought 

to result in loss-of-function or exert dominant negative function through expression of 

a C-terminally truncated protein78. Inactivation of ASXL1 in the hematopoietic context 

results in accelerated development of myeloid malignancies, myelodysplasia, and 

clonal HSC expansion through loss of interactions with Polycomb Repressive 

Complex 2 (PRC2) components and reduced H3K27me3 at genes poised for 

transcription in hematopoietic stem cells, such as the HOXA cluster78-80. ASXL1 is 

located on the q arm of chromosome 20; however it falls well outside the defined 

minimal CDR to the centromeric side (see Figure 1). As such, ASXL1 deletion 

occurs in only ~30% of all cases of del(20q), in which the deletion extends towards 

the centromere. Interestingly, at least one study identified multiple individual patients 

containing both a 20q deletion incorporating ASXL1 loss and an ASXL1 gene 

mutation, suggesting that in some rare cases ASXL1 may experience homozygous 

inactivation through loss of heterozygosity in del(20q) MDS11. It was not definitively 

determined whether del(20q) and ASXL1 mutation occurred within the same clone in 

these cases, however. This suggests that del(20q) patients may have variable 

ASXL1 status that can include intact wild-type alleles, heterozygous inactivation, or 

homozygous inactivation. Importantly, ASXL1 mutation was the only gene mutation 

found to be significantly associated with reduced overall survival in a large cohort of 

del(20q) MDS patients11, highlighting the relevance of this status to disease 
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characterization. However, given that ASXL1 is not located within the CDR and is 

intact in the majority of del(20q) patients, it is difficult to consider as a true driver of 

the del(20q) hematopoietic phenotype. 
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Table 1.2. Summary of functional studies characterizing del(20q) CDR genes in 
hematological context. 
MDS, myelodysplastic syndrome; MPN, myeloproliferative neoplasm; HSC, 
hematopoietic stem cell; DSB, double-strand break; iPSCs, induced pluripotent stem 
cells. 
 

Gene(s) 
Analyzed 

Study Model(s) 20q-Relevant Phenotypes 

L3MBTL1 Perna, et al. 
(2010)56 

shRNA knockdown in 
human CD34+ cells 

Biased erythroid differentiation, 
expansion of erythroid 

progenitors 

L3MBTL1 Perna, et al. 
(2015)57 

shRNA knockdown in 
human iPSCs 

Enhanced hematopoietic 
lineage commitment, reduced 
neuronal lineage commitment 

L3mbtl1 Qin, et al. 
(2010)58 

Germline homozygous 
inactivation in mice 

No observed phenotypes in 
hematopoietic system 

Mybl2 Clarke, et al. 
(2013)62 

Germline heterozygous 
inactivation in mice 

Development of MPN and MDS 
upon aging, competitive clonal 

HSC advantage 

Mybl2 Heinrichs, et 
al. (2013)63 

shRNA knockdown to 
sub-haploinsufficiency 

(~30% of normal) 

Competitive clonal HSC 
advantage, development of 

MDS, extramedullary 
hematopoiesis in spleen 

MYBL2, 
Mybl2 

Bayley, et al. 
(2018)64 

Primary MDS CD34+ 
cells, germline 
heterozygous 
inactivation 

Transcriptional downregulation 
of DNA repair genes, impaired 
DSB repair kinetics in HSCs 

Ptpn1 Jobe, et al. 
(2017)70 

Conditional (Mx1) 
homozygous 

inactivation in mice 

Splenomegaly, competitive 
clonal HSC advantage, 
development of MPN, 

hyperactive JAK/STAT signaling 

Stk4 (and 
homolog 

Stk3) 

Stoner, et al. 
(this 

dissertation)  

Conditional (Vav1, 
Mx1) heterozygous 
and homozygous 

inactivation in mice 

Megakaryocytic dysplasia and 
thrombocytopenia, 

splenomegaly, cooperation with 
JAK2-V617F in accelerated 
myelofibrosis development 
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1.1.6. Cooperating mutations in del(20q) malignancies 

 With regards to cooperation between del(20q) and additional mutations in 

hematologic malignancy, several interesting trends have been reported to date. 

However, given the relatively small patient cohort sizes analyzed, and the lack of 

functional modeling of cooperating mutational studies, the potential significance of 

any cooperating effects remains unknown. Assessment of all mutated genes in a 

del(20q) MDS patient cohort revealed the most frequent co-occurring mutations to be 

in splicing factors U2AF1 and SRSF2, as well as in ASXL111. A similar trend towards 

co-mutation of del(20q) with U2AF1 was reported in an additional cohort81, however it 

remains to be determined whether this is a biologically meaningful co-association. In 

the absence of additional cytogenetic abnormalities, ASXL1 mutation appears to be 

the only molecular lesion associated with adverse overall survival in del(20q) MDS 

patients11. Del(20q) frequently co-occurs with JAK2 or ASXL1 mutation in PMF, 

however given the high overall frequencies with which each of these mutations occur 

independently in this disease, the biological significance of this remains to be 

determined19. Interestingly, SRSF2 and del(20q) mutations have been detected to 

co-occur in PMF patients, but never in PV patients, suggesting that these events may 

cooperatively accelerate myelofibrotic transformation in MPN, or perhaps that SRSF2 

mutation is incompatible with PV development19,20. 
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1.2. t(8;21) chromosomal translocation in AML  

 Acute myeloid leukemia (AML) is the most common leukemia among adults, 

and the incidence is rising as the population ages82. AML is a heterogeneous 

disorder which is characterized by accumulation of abnormal hematopoietic 

progenitor cells, or blasts, in the marrow83. These malignant blasts have lost their 

ability to differentiate into mature blood cells and respond to normal regulatory 

signals84,85. Stable chromosomal translocations which result in abnormal fusion 

proteins are a frequent occurrence in AML. Among the most common of these is the 

t(8;21)(q22;q22) chromosomal translocation, which occurs in approximately 5-10% of 

de novo AML cases86. These cases are almost exclusively FAB-M2 subtype AML. 

 The t(8;21) translocation results in the stable fusion of the RUNX1 (AML1) and 

ETO (RUNX1T1) genes87. RUNX1 is a member of the Runt-related family of DNA-

binding transcription factors, and is essential for regulating definitive 

hematopoeisis88,89. RUNX1 is disrupted through chromosomal translocation or 

mutation in numerous blood disorders including multiple leukemias, familial platelet 

disorder, and myelodisplastic syndrome90. ETO (which is not normally expressed in 

blood cells) is thought to be a transcriptional co-repressor and contains four Nervy 

homology regions (NHR) for facilitating protein interactions91. The RUNX1-ETO 

fusion protein is composed of the N-terminal portion of RUNX1, which includes the 

DNA-binding Runt-homology domain, and nearly the full-length ETO protein. The 

ETO portion directly interacts with the nuclear hormone co-repressors N-CoR and 

mSin3A through distinct sites, and these proteins all co-immunoprecipitate with type I 
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Histone deacetylase as part of large repressive complexes92,93. Therefore, the 

primary accepted mechanism by which RUNX1-ETO promotes leukemia is the 

aberrant recruitment of N-CoR/mSin3A/HDAC complexes to the promoter region of 

RUNX1 target genes to repress their transcription94. 

 Chapter 1, in part, is being prepared for submission for publication by: Stoner 

SA and Zhang DE. The dissertation author is the primary investigator and author of 

the manuscript. 
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Chapter 2. Hippo Kinase Loss Contributes to Del(20q) Hematologic 

Malignancies through Chronic Innate Immune Activation 

 Heterozygous deletions within chromosome 20q, or del(20q), are frequent 

cytogenetic abnormalities detected in hematologic malignancies. To date, 

identification of genes in the del(20q) common deleted region that contribute to 

disease development have remained elusive. Through assessment of patient gene 

expression we have identified STK4 (encoding Hippo kinase MST1) as a 20q gene 

that is downregulated below haploinsufficient amounts in myelodysplastic syndrome 

(MDS) and myeloproliferative neoplasm (MPN). Hematopoietic-specific gene 

inactivation in mice revealed Hippo kinase loss to induce splenomegaly, 

thrombocytopenia, megakaryocytic dysplasia, and a propensity for chronic 

granulocytosis; phenotypes that closely resemble those observed in patients 

harboring del(20q). In a JAK2-V617F model, heterozygous Hippo kinase inactivation 

led to accelerated development of lethal myelofibrosis, recapitulating adverse MPN 

disease progression and revealing a novel genetic interaction between these two 

molecular events. Quantitative serum protein profiling showed that myelofibrotic 

transformation in mice was associated with cooperative effects of JAK2-V617F and 

Hippo kinase inactivation on innate immune-associated proinflammatory cytokine 

production, including IL-1β and IL-6.. Mechanistically, MST1 interacted with IRAK1, 

and shRNA-mediated knockdown was sufficient to increase IRAK1-dependent innate 

immune activation of NF-κB in human myeloid cells. Consistent with this, treatment 

with a small molecule IRAK1/4 inhibitor rescued the aberrantly elevated IL-1β 

production in the JAK2-V617F MPN model. This study identifies Hippo kinase MST1 
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(STK4) as having a central role in the biology of del(20q)-associated hematologic 

malignancies and reveals a novel molecular basis of adverse MPN progression that 

may be therapeutically exploitable via IRAK1 inhibition. 
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2.1. Introduction 

 Recurring chromosome abnormalities, such as large-scale deletion mutations, 

are frequent events in cancer and are especially prevalent in hematologic 

neoplasms1. Modeling loss-of-function of critical genes affected by large deletions 

has significantly enhanced our understanding of the associated disease and revealed 

novel therapeutic approaches in myeloid malignancy95-100. Somatic heterozygous 

deletions on chromosome 20q are detected in several hematopoietic malignancies, 

including myelodysplastic syndrome (MDS), classical myeloproliferative neoplasm 

(MPN), MDS/MPN overlap disorders, and acute leukemias7,27,101-103. Del(20q) is 

especially prevalent in MPN patients (~10-15%), where it is the most commonly 

detected cytogenetic abnormality associated with primary myelofibrosis (PMF) and 

post-Polycythemia Vera myelofibrosis (MF)18. These findings suggest that there are 

unique tumor-suppressor genes located in this region that, upon loss, contribute to 

diverse del(20q)-associated hematopoietic phenotypes.  

 Several studies have mapped a ~3Mb minimal commonly deleted region 

(CDR) spanning chromosome 20q12-20q13.12 and encompassing more than 50 

genes11,42,43. There is no current evidence for homozygous gene inactivation in this 

region through mutation48. To date, two transcriptional regulators, L3MBTL1 and 

MYBL2, are primarily implicated in the pathogenesis of del(20q)-associated 

malignancies. Knockdown of L3MBTL1 causes an erythroid differentiation bias in 

human CD34+ cells56. MYBL2 is a MYB-related transcription factor that is found 

downregulated in MDS patients regardless of 20q status, and inactivation promotes 
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MDS development in aged mice62,63. Genetic inactivation of 20q gene PTPN1, a non-

receptor tyrosine phosphatase that negatively regulates JAK/STAT signaling, was 

recently shown to promote MPN in mice70. There remains a significant need to 

identify genes within this region that mediate the specific clinical features associated 

with del(20q) malignancy.  

 Located within the del(20q) CDR is STK4, encoding MST1, one of two 

mammalian orthologues of the evolutionarily-conserved Hippo kinase. In the 

canonical signaling pathway, Hippo kinases MST1 and MST2 (encoded by STK4 and 

STK3) phosphorylate and activate downstream kinases LATS1 and LATS2 in 

complex with their regulatory protein MOB1, which in turn phosphorylate the 

oncoproteins YAP and TAZ resulting in their cytoplasmic sequestration and 

degradation104. The role of the canonical Hippo pathway in hematopoietic cancers 

remains controversial105; and enforced expression of a constitutively active YAP 

mutant does not affect normal hematopoietic stem cell (HSC) biology or promote 

malignancy106. Instead, MST1 plays critical roles in the biology of hematopoietic cells 

via diverse non-canonical mechanisms72. In T-lymphocytes, MST1 has an essential 

role in the regulation of thymic egress, adhesion, and apoptosis107-110. MST1-deficient 

phagocytes show defects in migration and bactericidal activity74,111, and MST1-

deficient dendritic cells display altered cytokine secretion with detrimental effects on 

immune function112,113. These hematopoietic-specific functions have significant 

implications in human disease, as rare individuals harboring germline homozygous 

inactivating mutations in STK4 have been identified with clinical presentation as a 
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primary immunodeficiency characterized by susceptibility to chronic infection and 

frequent autoimmune manifestations75-77. 

 Here we have identified STK4 as a sub-haploinsufficient tumor-suppressor 

gene in MDS and MPN. Our data demonstrate that Hippo kinase loss in 

hematopoietic cells induces several phenotypes in mice that resemble specific 

clinical features associated with del(20q) malignancy. Importantly, using a JAK2-

V617F model of MPN, we identified a novel genetic interaction with heterozygous 

Hippo kinase inactivation leading to accelerated disease progression to 

myelofibrosis, which was caused by cooperative effects on chronic activation of 

innate immune signaling and NF-kB. 
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2.2. Results 

2.2.1. Hippo kinase STK4 is transcriptionally downregulated in del(20q) MDS 

and MPN patients 

To identify 20q genes that play a role in the biology of del(20q)-associated 

malignancies we assessed gene expression data in bone-marrow derived CD34+ 

cells from MDS patients compared to those from healthy controls. We utilized a 

published dataset that contained six patients harboring the 20q deletion81. Given that 

not all 20q genes are expressed in hematopoietic cells, and that genetic 

haploinsufficiency does not necessarily alter transcriptional output, we rationalized 

that genes involved in disease pathogenesis could be identified through consistent 

downregulation in del(20q) patients. We found that nine (STK4, SERINC3, DDX27, 

ARFGEF2, IFT52, ADA, ADNP, RBL1, and RNF114) of the top-25 significantly 

downregulated genes in del(20q) MDS were located on chromosome 20q (Figure 

2.1). The top hit located within the 20q CDR was STK4, which encodes Hippo kinase 

MST1. STK4 was downregulated to sub-haploinsufficient amounts (mean 3.6-fold) in 

the six del(20q)-harboring patients compared to ten healthy controls. Given the high 

frequency of del(20q) in MPN, we further assessed the expression of these genes in 

independent cohorts of myelofibrosis (MF) patients114,115. This assessment revealed 

two of these genes to be significantly downregulated in patients with myelofibrosis 

(MF) regardless of 20q status, one of which was STK4, highlighting its potential 

importance in MPN progression regardless of 20q mutation (Figure 2.2A and 2.2B). 

Similar to MDS, STK4 was downregulated to sub-haploinsufficient amounts in three 
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del(20q) MF patients (Figure 2.2C). Given the position within the defined 20q CDR 

(Figure 2.3), its stark downregulation in multiple patient cohorts, and its emerging 

roles in regulation of normal hematopoietic cell function and inflammatory signaling, 

STK4 was a high-priority candidate to functionally characterize in the context of 

hematological malignancy.  
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Figure 2.1 Hippo kinase STK4 is located in the 20q CDR and downregulated in 
MDS and MPN patients with del(20q). 
 Row-normalized heatmap of gene expression in CD34+ bone marrow cells from 6 
del(20q) MDS patients (left) compared to CD34+ bone marrow cells from 10 healthy 
controls (right). The top 25 significantly downregulated genes in del(20q) patients, 
along with their chromosomal position in the genome are depicted. Data are from 
GSE58831.
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Figure 2.2. Assessment of 20q gene expression in myelofibrosis patients. 
(A) STK4 gene expression measured by microarray in total peripheral blood from 
healthy controls (black) and MPN patients with Polycythemia Vera (PV, pink) or 
Primary Myelofibrosis (MF, red). Data are from GSE26049. (B) 20q gene expression 
measured by microarray in total peripheral blood from healthy controls (black) and 
MPN patients with Primary Myelofibrosis (MF, red). Data are from GSE26049. 
Statistical significance is determined by two-tailed student‟s t-test, * p < 0.001. (C) 
STK4 gene expression measured by microarray in peripheral blood granulocytes 
from healthy controls (black) and MPN patients with Polycythemia Vera (PV, pink) or 
Myelofibrosis (MF, red). Samples identified as del(20q) are indicated. Data are from 
GSE54646. 
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Figure 2.3 Position of STK4 within the del(20q) common deleted region. 
 NCBI chromosome ideogram showing the q arm of chromosome 20. Minimal 
common deleted region (CDR) measured by array comparative genomic 
hybridization in a cohort of 30 MDS patients11 is indicated in red. Positions of genes 
previously implicated in the pathogenesis of myeloid malignancies are indicated in 
gray. The position of STK4 is indicated in black. 
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 2.2.2. Hematopoietic-specific Hippo kinase inactivation results in lethal bone 

marrow failure with clinical features of del(20q) MDS 

 We examined hematopoietic-specific Hippo kinase loss by intercrossing 

Stk4/Stk3-floxed mice with Vav1-iCre transgenic mice. Assessment of protein 

expression for MST1 (Stk4) and MST2 (Stk3), as well as their physiological 

phosphorylation target MOB1116,117, confirmed Cre-mediated inactivation in 

hematopoietic cells (Figure 2.4).  Homozygous deletion within the hematopoietic 

system (Stk4-/-Stk3-/-) resulted in fully-penetrant, post-embryonic lethality due to 

bone marrow failure (Figure 2.5A). This lethality was associated with progressive 

weight loss post-weaning (Figures 2.5B and 2.5C), frequent splenomegaly (Figures 

2.5D, 2.5E and 2.5F), and a dramatic reduction in bone marrow cellularity (Figure 

2.6A). Enlarged spleens showed evidence of extramedullary erythropoiesis and 

accumulation of CD71hi/Ter119+ (stage II) erythroblasts (Figure 2.5F). Pancytopenia 

was readily apparent in the peripheral blood of Stk4-/-Stk3-/- mice (Figures 2.6B, 

2.6C, 2.6D, and 2.6E). 

 To represent hematopoietic-specific Hippo kinase „sub-haploinsufficient‟ 

conditions, we also characterized Stk4+/-Stk3-/- littermates, which demonstrated 

slightly less than 50% of normal Hippo kinase function using phosphorylated MOB1 

as a readout (Figure 2.4). Although in most tissues MST1 and MST2 are functionally 

redundant, MST1 is the dominant homolog in hematopoietic cells, owing to its vastly 

increased mRNA expression72. Based on our observations above showing greater 

than two-fold downregulation of STK4 expression in del(20q) MDS and MPN patients, 
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these mice may represent the  physiological conditions observed in patients. A single 

copy of Stk4 was sufficient to rescue the weight loss, splenomegaly, and early 

lethality (Figures 2.5A, 2.5B, 2.5C, 2.5D, and 2.5E). Stk4+/-Stk3-/- mice had more 

heterogeneous phenotypes in the peripheral blood, but typically showed 

thrombocytopenia with a trend towards mild anemia (Figures 2.6B, 2.6C, 2.6D, and 

2.6E). These findings are similar to the clinical presentation of MDS patients with 

isolated deletion of chromosome 20q15,16. Peripheral leukopenia observed in Stk4-/-

Stk3-/- mice was due to the reported absence of T-lymphocytes from circulation and 

secondary lymphoid organs107,108 (Figures 2.7A and 2.7B). B-lymphocytes were also 

drastically reduced in the bone marrow, but not peripheral blood (Figures 2.7A and 

2.7B). Relative frequencies of granulocytes were increased in the bone marrow and 

spleen (Figures 2.7A, 2.7B, and 2.7C). Assessment of immature cell populations 

revealed accumulation of cells at the Lin-Sca1+cKIT+ (LSK) progenitor stage in the 

bone marrow of Stk4-/-Stk3-/- mice, while phenotypic long-term hematopoietic stem 

cells (LSK+CD48-CD150+, LT-HSC) were depleted (Figure 2.8A). Consistent with 

peripheral thrombocytopenia, the number of mature megakaryocytes in histological 

sections of Stk4-/-Stk3-/- bone marrow was significantly reduced compared to 

littermate controls (Figure 2.8B).  We also frequently detected the presence of 

dysplastic megakaryocytes with highly irregular nuclear morphology in the bone 

marrow of Stk4-/-Stk3-/- mice (Figures 2.8C and 2.8D). Together, Hippo kinase loss 

results in megakaryocytic abnormalities that likely contribute to thrombocytopenia 

that is a defining feature of del(20q) MDS. 
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Figure 2.4. Conditional Hippo kinase inactivation in hematopoietic cells. 
Genotypes analyzed for this figure include: Stk4f/fStk3f/f;Vav1-Cre+ (Stk4-/-Stk3-/-), 
Stk4f/+Stk3f/f; Vav1-Cre+ (Stk4+/-Stk3-/-), Stk4f/fStk3f/f;Vav1-Cre- or Stk4f/+Stk3f/f;Vav1-
Cre- (Stk4+/+Stk3+/+). All mice were analyzed in groups with littermates. Unless 
otherwise indicated, data are derived from mice of 6 - 9 weeks in age. Western blot 
showing MST1 (Stk4), MST2 (Stk3), phosphorylated MOB1, and β-actin (loading 
control) proteins in Lin- hematopoietic cells. Bone-marrow and spleen-derived 
mononuclear hematopoietic cells from two mice per genotype were pooled prior to 
Lin- isolation and protein lysate generation. 
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Figure 2.5. Hematopoietic-specific inactivation of Hippo kinases results in 
lethal bone marrow failure with frequent extramedullary erythropoiesis in the 
spleen. 
Genotypes analyzed for this figure include: Stk4f/fStk3f/f;Vav1-Cre+ (Stk4-/-Stk3-/-), 
Stk4f/+Stk3f/f; Vav1-Cre+ (Stk4+/-Stk3-/-), Stk4f/fStk3f/f;Vav1-Cre- or Stk4f/+Stk3f/f;Vav1-
Cre- (Stk4+/+Stk3+/+). All mice were analyzed in groups with littermates. Unless 
otherwise indicated, data are derived from mice of 6 - 9 weeks in age. Data are 
presented as mean values with error bars representing S.E.M. and individual data 
points for mice. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. (A) Kaplan-Meier survival 
plots for mice of indicated genotypes. (B) Representative image of 7 week-old, sex-
matched littermates of mice of the indicated genotypes. (C) Weekly weight 
measurement (grams) for multiple cohorts of mice between 3 and 7 weeks of age. N 
= 6-10 mice per genotype. Statistical significance was determined at week 7 by One-
way ANOVA followed by comparison against Stk4+/+Stk3+/+ values using post-hoc 
Tukey test. (D) Representative spleen images for 6-8 week-old mice of the indicated 
genetic backgrounds. (E) Measurement of spleen weight (grams) divided by total 
body weight (grams) for mice of indicated genotypes. Line indicates mean and 
individual data points represent individual mice. (F) Representative erythroid 
progenitor (CD71/Ter-119) flow cytometry staining within total splenocytes from mice 
of the indicated genotypes. The four stages of erythroblast development (I-IV) are 
indicated. 
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Figure 2.6. Hypocellular bone marrow and pancytopenia in Hippo kinase 
knockout mice. 
Genotypes analyzed for this figure include: Stk4f/fStk3f/f;Vav1-Cre+ (Stk4-/-Stk3-/-), 
Stk4f/+Stk3f/f; Vav1-Cre+ (Stk4+/-Stk3-/-), Stk4f/fStk3f/f;Vav1-Cre- or Stk4f/+Stk3f/f;Vav1-
Cre- (Stk4+/+Stk3+/+). All mice were analyzed in groups with littermates. Unless 
otherwise indicated, data are derived from mice of 6 - 9 weeks in age. Data are 
presented as mean values with error bars representing S.E.M. and individual data 
points for mice. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. (A) Representative 
Hematoxylin & Eosin (H&E) stained bone marrow sections for 6-8 week-old mice. 
Scale bar = 200 μm. (B)-(E) Peripheral blood measurements for: B) White blood cell 
(WBC) number, C) Platelet number, D) Red blood cell (RBC) number, and E) 
Hemoglobin. Statistical significance was determined by One-way ANOVA followed by 
post-hoc Tukey test for multiple comparisons. 
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Figure 2.7. Granulocytic skewing in bone marrow and spleen of Hippo kinase 
knockout mice. 
(A) Representative lymphoid (CD3/B220, top) and myeloid (CD11b/Gr-1, bottom) 
flow cytometry plots of mononuclear bone marrow cell populations for mice of 
indicated genotypes. (B) As (A) but for spleens. (C) Representative bone marrow 
cytospins of mice of the indicated genotypes. Scale bar = 50 μM. 
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Figure 2.8. Frequent megakaryocytic abnormalities in Hippo kinase knockout 
mice. 
Genotypes analyzed for this figure include: Stk4f/fStk3f/f;Vav1-Cre+ (Stk4-/-Stk3-/-), 
Stk4f/+Stk3f/f; Vav1-Cre+ (Stk4+/-Stk3-/-), Stk4f/fStk3f/f;Vav1-Cre- or Stk4f/+Stk3f/f;Vav1-
Cre- (Stk4+/+Stk3+/+). All mice were analyzed in groups with littermates. Unless 
otherwise indicated, data are derived from mice of 6 - 9 weeks in age. Data are 
presented as mean values with error bars representing S.E.M. and individual data 
points for mice. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. (A) Bone marrow 
frequencies of hematopoietic stem/progenitor populations as measured by flow 
cytometry in mice of the indicated genotypes. LSK, Lin-Sca1+cKIT+. LT-HSC, 
LSK+CD48-CD150+. (B) The number of mature morphological megakaryocytes per 
20x magnification field in H&E-stained bone marrow sections. Data are derived from 
five representative sections each of two mice per genotype. Statistical significance 
was determined by One-way ANOVA followed by post-hoc Tukey test for multiple 
comparisons. (C) Frequencies (%) of dysplastic megakaryocytes detected in 
representative H&E-stained bone marrow sections from three independent mice of 
the indicated genotypes. (D) Representative images of megakaryocytes observed in 
H&E-stained bone marrow sections in mice of the indicated genotypes. A 
representative dysplastic megakaryocyte with irregular nuclear morphology is 
indicated (rightmost panel). Scale bar = 60 µm. 
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2.2.3. Inducible Hippo kinase inactivation recapitulates features of MDS and 

MPN in adult mice 

 We also assessed the consequences of inducible Hippo kinase inactivation in 

adult mice by using the interferon-inducible Mx1-Cre system. To ensure 

hematopoietic-intrinsic specificity of observed phenotypes we generated bone 

marrow chimeric mice prior to treatment with polyinosinic:polycytidylic acid (pIpC) to 

induce gene deletion (Figure 2.9A). We assessed both homozygous (Stk4/Stk3/) 

and heterozygous (Stk4/+Stk3/+) bone marrow inactivation compared to bone 

marrow from Mx1-Cre- littermate controls (Stk4+/+Stk3+/+). Inducible gene inactivation 

was confirmed by RT-qPCR in sorted Lin-cKIT+ (LK) bone marrow cells (Figure 

2.9B). Peripheral leukopenia, peripheral thrombocytopenia, and splenomegaly were 

readily apparent following inducible homozygous Hippo kinase deletion (Figures 

2.10A, 2.10B, and 2.10C). Surprisingly, heterozygous inactivation in the adult 

hematopoietic system led to a chronic increase in peripheral leukocyte counts 

(Figure 2.10A), which was due to elevated numbers of granulocytes and granulocytic 

skewing in the peripheral blood (Figures 2.10D and 2.10E). Thrombocytopenia in 

mice was accompanied by a pronounced increase in mean platelet volume, further 

highlighting defects in the megakaryocytic lineage (Figures 2.10F and 2.10G). In 

contrast to Vav1-Cre, only two out of fourteen (~15%) Stk4/Stk3/ mice in total 

experienced lethal bone marrow failure during the course of long-term observations 

(up to one year post-pIpC), and there were no indications of anemia (Figure 2.10H). 

This is most likely due to selection pressure towards non-excised alleles in the Mx1-
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Cre model, as Hippo kinase protein and mRNA expression were more abundant in 

Lin- bone marrow cells of mice one year following pIpC-induced gene inactivation 

(Figure 2.11A and 2.11B). Regardless, we found consistent evidence supporting 

both heterozygous and homozygous Hippo kinase inactivation contributing to specific 

clinical features associated with del(20q) MDS and MPN. 

 

 

 

Figure 2.9. Experimental strategy for inducible somatic inactivation of Hippo 
kianses Stk4 and Stk3. 
(A) Experimental schematic depicting generation of bone marrow chimeras and pIpC 
treatment to induce hematopoietic-specific gene deletion for indicated genotypes. (B) 
Gene expression for Stk4 and Stk3 measured by RT-qPCR in flow-sorted Lin-cKIT+ 
hematopoietic progenitor cells derived from two representative mice of the indicated 
genotypes, two weeks following completion of pIpC treatment. 
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Figure 2.10. Inducible somatic Hippo kinase inactivation recapitulates clinical 
features of del(20q) MDS and MPN. 
Recipient mice analyzed in this figure are derived from genotypes: Stk4f/fStk3f/f;Mx1-

Cre+ (Stk4/Stk3/, red), Stk4f/+Stk3f/+;Mx1-Cre+ (Stk4/+Stk3/+, blue), and 
Stk4f/fStk3f/f;Mx1-Cre- (Stk4+/+Stk3+/+, black). N = 9 mice per genotype. Data are 
representative of two independent experiments. Homozygous and heterozygous 
groups were independently tested for statistical significance against controls by 
multiple t-testing with Holm-Sidak correction. * = p < 0.05, ** = p < 0.01, *** = p < 
0.001. (A) Peripheral blood white blood cell (WBC) counts. (B) Peripheral blood 
platelet counts. (C) Representative spleens from mice of the indicated genotypes, six 
weeks post-pIpC treatment. (D) Peripheral blood granulocyte counts. (E) Peripheral 
blood granulocyte (CD11b+Gr1+) frequencies measured via flow cytometry. (F) 
Peripheral blood mean platelet volume (MPV). (G) Representative Wright-Giemsa 
stained peripheral blood smears from mice of the indicated genotypes, six weeks 
post-pIpC treatment. Black arrows indicate abnormally large platelets. Scale bar = 50 
μm. (H) Peripheral blood red blood cell (RBC) counts. 
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Figure 2.11. Selection pressure towards non-excised alleles upon aging in Mx1-
Cre model. 
Mice used in this Figure are of the following genotypes: Stk4f/fStk3f/f;Mx1-Cre+ 

(Stk4/Stk3/), Stk4f/+Stk3f/+;Mx1-Cre+ (Stk4/+Stk3/+), and Stk4f/fStk3f/f;Mx1-Cre- 
(Stk4+/+Stk3+/+) (A) Western blot (from two mice per genotype) depicting indicated 
proteins in murine hematopoietic progenitor (Lin-) bone marrow cells, 56 weeks post-
treatment with pIpC to induce gene deletion. (B) RT-qPCR analysis showing relative 
expression for indicated genes (from two mice per genotype) in murine hematopoietic 
progenitor (Lin-) bone marrow cells, 56 weeks post-treatment with pIpC to induce 
gene deletion. 
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2.2.4. Hippo kinase inactivation promotes macrothrombocytopenia upon aging 

even in absence of malignant clonal HSC expansion 

 In addition to malignancy, somatic deletions of chromosome 20q are detected 

at low frequency in otherwise healthy individuals that experience clonal 

hematopoiesis during aging118,119, suggesting that loss of 20q genes promotes 

clonal/pre-malignant expansion of HSCs. We therefore asked whether Hippo kinase 

inactivation contributes to HSC clonal expansion by performing serial competitive 

bone marrow transplantation assays. Hippo kinase deletion resulted in a gene 

dosage-dependent defect in initial engraftment in the bone marrow of recipient mice. 

This was indicated by a near complete lack of Stk4-/-Stk3-/- CD45.2 cells in the 

peripheral blood at 4 weeks post-transplantation (Figures 2.12A, 2.12B, 2.12C, and 

2.12D). We attempted to transplant cells in a non-competitive manner and confirmed 

a defect in engraftment potential (Figure 2.13). Following initial engraftment, 

heterozygous inactivation resulted in no detectable competitive advantage over 48 

weeks in primary and secondary transplantations (Figures 2.12A, 2.12B, 2.12C, and 

2.12D). Stk4+/-Stk3+/- HSCs maintained relatively normal output to all mature lineages 

except for the T-cell (CD3+) lineage, which displayed consistently reduced donor-

derived contribution (Figure 2.12D). We also assessed the CD45.2 donor-derived 

frequencies in stem/progenitor populations in the bone marrow at 48 weeks (Figure 

2.14). Stk4+/-Stk3+/- donor cells showed a comparable distribution to control donor 

cells within the total bone marrow and LSK populations. No mice developed any overt 

malignancy, however upon aging (40-48 weeks), assessment of peripheral blood 
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revealed several mice receiving Stk4+/-Stk3+/- donor cells to have developed 

macrothrombocytopenia (Figure 2.15). This observation demonstrates that the 

presence of Stk4+/-Stk3+/- hematopoietic cells, even as a minor clone within the bone 

marrow, exerts a dominant negative effect on platelet production upon aging. 

 

 

 

Figure 2.12. Hippo kinase inactivation does not provide a competitive HSC 
advantage. 
Genotypes analyzed for this figure include: Stk4f/fStk3f/f;Vav1-Cre+ (Stk4-/-Stk3-/-, red), 
Stk4f/+Stk3f/+; Vav1-Cre+ (Stk4+/-Stk3+/-, blue), and Stk4f/fStk3f/f;Vav1-Cre- 
(Stk4+/+Stk3+/+, black). Primary transplantations: N = 10 (Stk4+/+Stk3+/+), N = 10 
(Stk4+/-Stk3+/-), N = 9 (Stk4-/-Stk3-/-). Secondary transplantations: N = 8 
(Stk4+/+Stk3+/+), N = 8 (Stk4+/-Stk3+/-). Data are presented as mean +/- S.E.M. * = p < 
0.05, ** = p < 0.01, *** = p < 0.001. Donor-derived frequencies (CD45.2%) in the 
peripheral blood over the course of primary and secondary bone marrow transplants 
are shown for: (A) total mononuclear cells, (B) myeloid-lineage cells (CD11b+), (C) 
B-lineage cells (B220+), and (D) T-lineage cells (CD3+). 
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Figure 2.13. Hippo kinase-deficient hematopoietic cells fail to properly engraft 
in bone marrow. 
Genotypes analyzed for this figure include: Stk4f/fStk3f/f;Vav1-Cre+ (Stk4-/-Stk3-/-) and 
Stk4f/fStk3f/f;Vav1-Cre- or Stk4f/+Stk3f/f;Vav1-Cre- (Stk4+/+Stk3+/+). CD45.2 donor-
derived frequencies in the peripheral blood of lethally irradiated CD45.1 recipient 
mice, 6 weeks following non-competitive transplantation of bone marrow-derived 
cells. Statistical significance is determined using student‟s t-test, *** = p < 0.001. 
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Figure 2.14. Heterozygous Hippo kinase inactivation does not promote 
malignant HSC expansion in the bone marrow.  
Analysis of hematopoietic stem/progenitor cell donor-derived frequencies (CD45.2%) 
in total bone marrow at the experimental endpoint (48 weeks). Total cell number for 
the indicated populations are shown (left axis). Mean donor-derived and recipient-
derived frequencies are indicated as percentage. Statistical significance is 
determined by two-tailed student‟s t-test. 
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Figure 2.15. Heterozygous Hippo kinase inactivation promotes macrocytic 
thrombocytopenia upon aging. 
Platelet count and mean platelet volume in peripheral blood of mice receiving 
indicated donor genotypes at 40 weeks post-transplant. Statistical significance is 
determined by two-tailed student‟s t-test. 
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2.2.5. Heterozygous Hippo kinase inactivation cooperates with JAK2-V617F to 

promote lethal myelofibrosis 

 Given the high frequency of del(20q) in MPN, especially in JAK2-mutant 

Polycythemia Vera and PMF19,20, we hypothesized that heterozygous Hippo kinase 

inactivation may cooperate with this driver mutation to modify disease phenotypes 

and progression. We utilized a human JAK2-V617F retroviral 

transduction/transplantation model of MPN that presents as Polycythemia Vera with a 

low rate of progression to MF in C57BL/6 recipient mice120. HSC-enriched bone 

marrow cells from Stk4+/-Stk3+/- and littermate control (Vav1-Cre-) mice were 

transduced at equal efficiencies (Figure 2.16A) with JAK2-V617F (V617F) or empty 

vector control (Vector), and transplants were monitored by peripheral blood sampling 

for 36 weeks (Figure 2.16B). Engraftment efficiencies of V617F-expressing (GFP+) 

cells were similar between genotypes at four weeks post-transplantation, and GFP+ 

cell frequency gradually increased with mean frequencies of approximately 15% at 20 

weeks (Figure 2.16C). Both V617F-expressing genotypes showed a similar degree 

of Polycythemia (Figure 2.17A). Platelet counts were variable with no significant 

differences between groups (Figure 2.17B). The most pronounced difference 

detected was elevated granulocyte number in the V617F-Stk4+/-Stk3+/- group 

compared to V617F-Stk4+/+Stk3+/+ (Figure 2.17C). Importantly, mice receiving 

V617F-Stk4+/-Stk3+/- cells were significantly more likely to experience adverse MPN 

progression and succumb to a lethal MF within the course of the 36-week analysis 

(Figure 2.17D). Upon necessary euthanasia of moribund mice, massive 

splenomegaly was apparent (Figure 2.19A) and mice had experienced a sharp 
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decline in peripheral cell numbers and were both thrombocytopenic and anemic 

(Figure 2.19B). High-grade reticulin fibrosis was readily apparent in bone marrow 

sections from moribund mice (Figure 2.19C). Enlarged spleens showed increased 

vascularity with greater reticulin fiber deposition outside of vasculature (Figure 

2.19D). None of the moribund mice showed detectable myeloid blasts or further 

evidence of transformation to AML (not shown). Together, these phenotypes were 

consistent with a diagnosis of post-Polycythemia Vera MF. We terminated the 

experiment at an endpoint of 36 weeks and euthanized remaining mice in order to 

assess the relative degree of MPN progression. Higher-grade bone marrow reticulin 

fibrosis, relative bone marrow hypocellularity, and a trend towards enhanced 

splenomegaly were apparent within the total population of V617F-Stk4+/-Stk3+/- 

compared to V617F-Stk4+/+Stk3+/+ (Figures 2.17E, 2.17F, 2.18, and 2.19E). These 

results demonstrate that heterozygous Hippo kinase inactivation contributed to 

accelerated MPN progression towards myelofibrotic transformation. 
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Figure 2.16. Modeling heterozygous Hippo kinase inactivation in a JAK2-V617F 
MPN model. 
(A) Flow cytometry plot, gated on viable cells (PI-), measuring GFP+ percentages in 
transduced HSC-enriched bone marrow cells approximately 24 hours post-
transduction. (B) Experimental schematic demonstrating strategy for JAK2-V617F 
retroviral transduction/transplantation murine model of MPN. Mice were monitored up 
36 weeks post-transplant. 5-FU treated bone marrow was pooled from nine mice per 
genotype per transduction/transplantation experiment. Total numbers of mice 
analyzed in this model are as follows: N = 11 (Vector-Stk4+/+Stk3+/+), N = 10 (Vector-
Stk4+/-Stk3+/-), N = 14 (V617F-Stk4+/+Stk3+/+), and N = 15 (V617F-Stk4+/-Stk3+/-). (C) 
Peripheral blood GFP+ (JAK2-V617F expressing) cell frequencies at indicated time 
points measured via flow cytometry. N = 14 (V617F-Stk4+/+Stk3+/+), N = 15 (V617F-
Stk4+/-Stk3+/-). Data are mean +/- S.E.M. 
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Figure 2.17. Heterozygous Hippo kinase inactivation cooperates with JAK2-
V617F to promote lethal myelofibrosis. 
(A) Peripheral blood hematocrit (%) measurements at indicated time points. N = 11 
(Vector-Stk4+/+Stk3+/+), N = 10 (Vector-Stk4+/-Stk3+/-), N = 7 (V617F-Stk4+/+Stk3+/+), 
and N = 8 (V617F-Stk4+/-Stk3+/-). Data are mean +/- S.E.M. * = p < 0.05. (B) As (A), 
but for platelet counts. (C) As (A), but for granulocyte counts. (D) Kaplan-Meier 
survival plot indicating overall survival for the indicated groups over the course of 36 
weeks. Statistical significance is determined by Log rank (Mantel-Cox) test. N = 11 
(Vector-Stk4+/+Stk3+/+), N = 10 (Vector-Stk4+/-Stk3+/-), N = 14 (V617F-Stk4+/+Stk3+/+), 
and N = 15 (V617F-Stk4+/-Stk3+/-). * = p < 0.05. (E) Spleen weights for mice of the 
indicated groups analyzed at the 36 week endpoint or upon necessary euthanasia 
due to disease progression. N = 11 (Vector-Stk4+/+Stk3+/+), N = 10 (Vector-Stk4+/-

Stk3+/-), N = 13 (V617F-Stk4+/+Stk3+/+), and N = 14 (V617F-Stk4+/-Stk3+/-). Statistical 
significance is determined by one-way ANOVA followed by post-hoc Tukey test for 
multiple comparisons. Data are mean +/- S.E.M. * = p < 0.05, ** = p < 0.01. (F) 
Quantification of MF grade (0 – 3) in murine bone marrow sections, 36 weeks post-
transplant, based on an established fibrosis grading scale (see methods). Statistical 
significance between V617F groups was determined by two-tailed student‟s t-test. * = 
p < 0.05. 
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Figure. 2.18. Enhanced reticulin bone marrow fibrosis in JAK2-V617F;Stk4+/-

Stk3+/- mice. 
Representative H&E-stained (top) and Reticulin-stained (bottom) images from the 
three groups indicated. Vector are representative of grade 0 MF, V617F-
Stk4+/+Stk3+/+ is representative of grade 0 - 1 MF, and V617F-Stk4+/-Stk3+/- is 
representative of grade 1 - 2 MF. Scale bar = 100 µM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

56 
 

Figure 2.19. Additional characterization of bone marrow and splenic fibrosis in 
moribund JAK2-V617F;Stk4+/-Stk3+/- mice. 
Genotypes used in this model are: Stk4f/+Stk3f/+;Vav1-Cre+ (Stk4+/-Stk3+/-) and  
Stk4f/+Stk3f/+; Vav1-Cre- (Stk4+/+Stk3+/+), with or without transduction with JAK2-
V617F (V617F) (A) Representative splenomegaly from mice that were euthanized 
due to progression to MF (right side) are compared to a representative wild-type 
control spleen (left side). Ruler is shown for scale. (B) Image shows representative 
femur (inside Eppendorf tube) from a wild-type control (left) and moribund V617F-
Stk4+/-Stk3+/- (right) mouse demonstrating visible anemia in the bone marrow. (C) 
Reticulin-stained bone marrow section from wild-type (left) or moribund V617F-Stk4+/-

Stk3+/- mouse (right) with post-Polycythemia vera myelofibrosis. Scale bar = 100 μM. 
(D) Reticulin-stained spleen section from wild-type (left) or moribund V617F-Stk4+/-

Stk3+/- mouse (right) with post-Polycythemia vera myelofibrosis. Scale bar = 500 μM. 
(E) Representative spleens from mice of the indicated groups and genotypes at the 
experimental endpoint of 36 weeks. Ruler is shown for scale. 
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2.2.6. Stk4 loss cooperates with JAK2-V617F to activate innate immune 

responses and proinflammatory cytokine production 

 Altered cytokine production is important for MPN pathogenesis in both human 

patients and mouse models121-123. To identify the biological basis through which loss 

of Hippo kinase signaling contributes to MPN progression, we performed in vivo 

quantitative cytokine profiling using a multiplex Quantibody array124 (Figure 2.20A). 

We reliably measured the abundance of 153 unique proteins in three mice each of 

the four experimental groups in our MPN model (Figure 2.20A). Principal component 

analysis and hierarchical clustering indicated that JAK2-V617F expression had a 

greater overall effect on variance in cytokine abundance than did genotype (Figure 

2.21A and 2.21B). This analysis identified a core subset of proteins that were 

uniquely more or less abundant (Figure 2.20B) in serum from the V617F-Stk4+/-

Stk3+/- group. To further explore the unique differences in our MPN model, we 

compared significantly elevated proteins in each of the V617F-expressing groups 

against vector-transduced control mice from both genotypes (Figure 2.20C). A total 

of 18 proteins were significantly elevated in V617F-expressing mice relative to vector 

controls. Among these, seven were common between genotypes, including CXCL1, 

CXCL9 (MIG), and TGF-β1; while another seven were unique to V617F-Stk4+/-Stk3+/-, 

including IL-6, IL-1β, IL-15, and MMP-3. We also performed Ingenuity Pathway 

Analysis, using a ranked list based on z-score against a background reference of the 

entire set of measured proteins, to predict upstream regulators in hematopoietic cells 

that define the unique cytokine profile associated with the V617F-Stk4+/-Stk3+/- group 

(Figure 2.20D).  This analysis predicted several activated upstream regulators 
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associated with innate immune signaling, including TLR4, TLR2, MYD88, and IKKα, 

consistent with the most significantly elevated cytokines in the double mutant context 

being canonical proinflammatory mediators associated with NF-κB activation. 
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Figure 2.20. Hippo kinase deletion cooperates with JAK2-V617F to activate 
innate immune response and proinflammatory cytokine production. 
(A) Experimental schematic for array-based serum cytokine profiling in JAK2-V617F 
MPN model in vivo. (B) Heatmap displaying the relative abundance of the most 
uniquely enriched (top) or depleted (bottom) cytokines in V617F-Stk4+/-Stk3+/- mice 
(based on mean z-scores of three independent mice). (C) Venn diagram comparing 
the significantly more abundant (FDR < 0.1) cytokines in either V617F-Stk4+/+Stk3+/+ 
group (left circle) or V617F-Stk4+/-Stk3+/- group (right circle) when compared against 
six Vector-transduced mice. (D) List depicting the results of Ingenuity Pathway 
Analysis (IPA) top predicted upstream regulators analysis, based on submission of a 
ranked-list of relative cytokine abundance z-scores in V617F-Stk4+/-Stk3+/- against a 
reference background of the entire set of measured cytokines in the array. Upstream 
regulator name, predicted activation state (activated or inhibited), and adjusted p-
values are indicated. 
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Figure 2.21. JAK2-V617F expression has a greater effect on serum cytokine 
variance than does genotype. 
(A) Hierarchical clustering analysis of serum protein abundance in three mice per 
experimental group is performed for both columns (individual mice) and rows 
(individual serum proteins) by using correlation distance and average linkage. Unit 
variance scaling is applied for row normalization. (B) Principal component analysis 
(PCA) of serum protein abundance in three mice per experimental group is 
performed by singular value decomposition (SVD) with imputation method. Unit 
variance scaling is applied for row normalization. Principal component 1 (PC1) and 
principal component 2 (PC2) explain 33.6% and 19% of total variance, respectively. 
Both panels are generated using ClustVis (https://biit.cs.ut.ee/clustvis/). 
 

https://biit.cs.ut.ee/clustvis/
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2.2.7 MST1 negatively regulates IRAK1/TRAF6-mediated innate immune 

activation of NF-κB 

 The in vivo analysis of cytokine profiles in our JAK2-V617F model led us to 

hypothesize that del(20q)-associated loss of STK4 may contribute to hematologic 

malignancy through chronic innate immune activation. To explore the relevance of 

MST1-mediated negative regulation of innate immune signaling through TLR/IL-1R 

signaling pathways we confirmed a recently reported interaction between MST1 and 

IRAK173 (Figure 2.22A). To test whether MST1 may negatively regulate NF-κB 

activation in myeloid malignancy we performed STK4 knockdown in human myeloid 

THP-1 cells. Even in the absence of an external inflammatory stimulus, STK4 

knockdown was sufficient to induce an NF-κB transcriptional response including 

upregulation of proinflammatory cytokine genes IL6, IL1B, and IL15  that were 

enriched in the mouse model, and are elevated in myelofibrosis patients (Figure 

2.22B)125. Consistent with a negative regulatory role at the level of IRAK1, STK4 

knockdown resulted in enhanced phosphorylation of innate immune signaling 

components IκBα, NF-κB p65, and IRAK1, following LPS stimulation (Figure 2.22C).  

 Increased activation of innate immune signaling through IRAK1/TRAF6 is well-

established to induce MDS phenotypes and bone marrow failure in mice96,126,127. We 

therefore performed co-immunoprecipitation experiments with HA-tagged ubiquitin 

(HA-Ub) to measure TRAF6 E3 ubiquitin ligase activity and self-ubiquitin chain 

formation, which facilitate downstream assembly and activation of the TAK1-TAB and 

IκB kinase complexes in innate immune signaling128. Co-expression of MST1, but not 

a kinase-dead mutant MST1-K59R, was sufficient to reduce ubiquitin chain formation 
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on TRAF6 (Figure 2.23A).Co-expression of MST1 also significantly reduced TRAF6-

mediated activation of a NF-κB luciferase reporter construct to approximately 60% of 

levels observed in controls, confirming its negative effect on downstream activation of 

NF-κB (Figure 2.23B). Together, these data demonstrate that MST1 has a biological 

role in suppression of NF-κB activation in innate immune signaling through 

IRAK1/TRAF6. 
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Figure 2.22. MST1 negatively regulates NF-κB activation through IRAK1.  
(A) Interaction between IRAK1 and MST1 is assessed in HEK293T cell lysates by 
immunoblotting for MST1 and Flag-IRAK1 following Flag-IP. Input is shown below by 
immunoblotting for Flag-IRAK1, MST1, and β-Actin as a loading control. (B) Gene 
expression measured by RT-qPCR in THP-1 cells 72 hours post-transduction with 
control shRNA (shCTRL, grey) or two independent STK4-targeting shRNAs 
(shSTK4_1/2, red/pink). Data are mean +/- S.E.M. for three independent biological 
replicates. (C) Western blot showing indicated protein and phospho-protein 
abundance in THP-1 cells 72 hours post-transduction with shCTRL or shSTK4_1 
vectors and stimulated with LPS (100 ng/mL) for the times indicated. 
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Figure 2.23. MST1 negatively regulates innate immune activation through 
IRAK1/TRAF6. 
(A) Relative ubiquitination of TRAF6 in HEK293T cells transfected to express HA-
Ubiquitin (HA-Ub), Flag-TRAF6 and either empty vector (-), MST1, or kinase dead 
mutant MST1-K59R, assessed by immunoblotting for HA-Ub following Flag-IP (HA-
Ub-TRAF6). Input is shown below by immunoblotting for Flag, MST1, and β-Actin as 
a loading control. (B) Relative luficerase activity of a pNF-κB_Luciferase reporter 
construct (4X NF-κB responsive elements upstream of minimal promoter and firefly 
luciferase) co-transfected in HEK293T cells with Flag-TRAF6 and either empty vector 
or MST1 expression vector. pRL-TK (Renilla luciferase reporter) is co-transfected as 
loading control, and firefly luciferase signal is normalized relative to renilla. Data are 
mean +/- S.E.M. for three independent biological replicates. Statistical significance is 
determined by two-tailed student‟s t-test, ** p < 0.01. 
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2.2.8 IRAK1 inhibition rescues the aberrant inflammatory cytokine production 

associated with Hippo kinase loss in MPN 

 Given our identification of STK4 loss resulting in increased activation of innate 

immune signaling through IRAK1 and increased proinflammatory cytokine production 

in the JAK2-V617F MPN model, we wondered whether these phenotypes may be 

amenable to therapeutic targeting. IRAK1 has been reported as a promising 

therapeutic target in several hematologic malignancies. To test whether IRAK1 

inhibition may be effective in reducing the aberrantly elevated proinflammatory 

cytokine production associated with accelerated MPN progression to myelofibrosis, 

we established JAK2-V617F expressing MPNs in both mouse genotypes 

(Stk4+/+Stk3+/+ and Stk4+/-Stk3+/-) with similar JAK2-V617F (GFP+) cell engraftment at 

six weeks post-transplantation, and monitored in vivo IL-1β abundance in serum by 

ELISA (Figure 2.24A and 2.24B). Consistent with our previous observations, serum 

IL-1β was significantly increased in a Hippo kinase loss-dependent manner (Figure 

2.24C). At this point we administered a course of inhibitor treatment using the small 

molecule IRAK1/4-inhibitor. Four weeks of IRAK1/4 inhibitor treatment was sufficient 

to reduce serum IL-1β abundance in V617F-Stk4+/-Stk3+/- mice to comparable 

amounts as observed in healthy wild-type control mice (Figure 2.24C). IRAK1/4-

inhibitor treatment similarly reduced the excessive innate immune signaling activation 

in LPS-stimulated THP-1 cells with STK4 knockdown (Figure 2.25). Together, these 

results demonstrate the importance of IRAK1 signaling in mediating the aberrant 

proinflammatory phenotypes associated with Hippo kinase inactivation. We also 

asked whether a similar course of IRAK1/4-inhibitor administration could rescue 
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additional hematopoietic phenotypes associated with somatic homozygous Hippo 

kinase inactivation (Figure 2.26A). IRAK1 inhibition was not sufficient to rescue 

these hematopoietic defects, including the peripheral leukopenia and macrocytic 

thrombocytopenia (Figures 2.26B, 2.26C, and 2.26D), suggesting that there are 

additional mechanisms and/or signaling pathways involved in the complex 

hematopoietic phenotypes associated with Hippo kinase loss in these models. 
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Figure 2.24. IRAK1 inhibition rescues the aberrant proinflammatory cytokine 
production associated with Hippo kinase loss in MPN. 
(A) Experimental schematic depicting strategy for generation of JAK2-V617F MPN 
model in two genotypes (Stk4+/+Stk3+/+ and Stk4+/-Stk3+/-) followed by IRAK1/4-
inhibitor treatment, 4 mg/kg by intraperitoneal (I.P.) injection once every three days 
for four weeks. N = 12 (wild type controls), N = 7 (V617F-Stk4+/+Stk3+/+), N = 7 
(V617F-Stk4+/-Stk3+/-). (B) GFP+ cell frequencies in peripheral blood measured by 
flow cytometry at six weeks following transplantation with JAK2-V617F expressing 
cells of indicated genotypes. (C) IL-1β abundance measured by ELISA in peripheral 
blood serum from mice of the indicated genotypes, pre- (untreated) or post- (IRAK-
inh) IRAK1/4-inhibitor treatment as described in (A). Statistical significance is 
determined by one-way ANOVA followed by post-hoc Tukey test for multiple 
comparisons, * = p < 0.05, ** = p < 0.01. 
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Figure 2.25. IRAK1 inhibition reduces aberrant NF-κB activation associated 
with STK4 knockdown. 
Western blot showing indicated protein and phospho-protein abundance in THP-1 
cells 72 hours post-transduction with shCTRL or shSTK4_1 vectors and stimulated 
with LPS (100 ng/mL) for two hours. Cells are pre-treated with IRAK1/4-inhibitor 
(IRAK-inh) overnight at the indicated concentrations and this concentration is 
maintained during the LPS stimulation period. 
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Figure 2.26. IRAK1 inhibition does not rescue additional hematopoietic 
phenotypes associated with homozygous somatic Hippo kinase inactivation. 
(A) Experimental schematic depicting strategy for generation inducible gene 
inactivation with pIpC followed by IRAK1/4-inhibitor treatment, 4 mg/kg by 
intraperitoneal (I.P.) injection once every three days for four weeks. N = 4 
(Stk4+/+Stk3+/+, mock treated), 4 (Stk4+/+Stk3+/+, IRAK1/4-inhibitor treated), N = 6 
(Stk4Δ/ΔStk3Δ/Δ, mock treated), N = 6 (Stk4Δ/ΔStk3Δ/Δ, IRAK1/4-inhibitor treated). (B) 
Peripheral white blood cell counts for mice of the indicated genotypes, following four 
weeks of mock (5% DMSO) or IRAK1/4-inhibitor treatment, as described in (A). 
Statistical significance between mock and IRAK-inh treated groups in Stk4Δ/ΔStk3Δ/Δ 
genotype is determined by two-tailed student‟s t-test. (C) As (B), but for platelet 
counts. (D) As (B), but for mean platelet volume (MPV). 
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2.3. Discussion 

 Chronic innate immune activation and dysregulated inflammatory signaling 

has become appreciated as a driver of myelodysplastic syndrome (MDS) 

pathogenesis129,130. Immune activation in MDS can be derived from both cell-extrinsic 

and cell-intrinsic mechanisms129-131. Recent evidence shows that mutations affecting 

genes involved in seemingly disparate pathways have a common underlying 

mechanism of activated inflammatory signaling in MDS132-135. Chronic NF-κB 

activation has also been strongly implicated in myeloproliferative neoplasm (MPN) 

pathogenesis; however the exact mechanisms causing this remain less well-

defined123. Here we identified a novel mechanistic connection between the non-

canonical functions of MST1 in chronic innate immune activation and NF-κB signaling 

in disease. These data link the recurring del(20q) chromosome abnormality with a 

commonly disrupted signaling pathway in myeloid malignancy. 

 The specific molecular events that cooperate with activated JAK2 to promote 

MPN disease progression to myelofibrosis (MF) are still incompletely understood, 

and myelofibrotic transformation remains a significant health burden in patients17,136. 

Here we observed clear evidence of accelerated progression from Polycythemia Vera 

to lethal MF upon heterozygous inactivation of the Hippo kinases in a JAK2-V617F 

MPN model. Furthermore, a significant portion of double-mutant mice analyzed in our 

cohorts experienced disease progression that closely resembles what is typically 

observed in patients, including a pre-fibrotic phase dominated by peripheral 

granulocytosis followed by progressive anemia and thrombocytopenia with 
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extramedullary myeloproliferation in the spleen17. The genetic interaction between 

STK4 inactivation and JAK2-V617F mutation is one of the most clinically significant 

findings as it indicates cooperation between these lesions could lead to accelerated 

myelofibrotic transformation in human disease.  

 This is the first study to implicate the non-canonical functions of Hippo kinase 

MST1 in MDS and MPN, laying the groundwork for future studies in these disease 

contexts. Our data demonstrate that MST1 is a negative regulator of innate immune 

signaling through IRAK1, including the ability to suppress TRAF6 auto-ubiquitination 

and dampen downstream NF-κB activation in myeloid cells. Development of PMF, or 

post-Polycythemia Vera MF, is a complex process involving an important role for 

cytokine secretion and crosstalk between hematopoietic cell populations and bone 

marrow stromal cells137. Our data suggest an important role for hematopoietic-

intrinsic activation of innate immune signaling as contributing to this process. 

Through quantitative serum protein profiling in our mouse model of MPN, we 

identified significantly elevated proinflammatory cytokines that contributed to 

remodeling of the bone marrow microenvironment and myelofibrotic progression. 

Several of the same cytokines identified in our model, including IL-6, IL-1β, and IL-15 

are elevated in serum of myelofibrosis patients125,  highlighting the clinical relevance 

of our study. We further confirmed that the aberrantly elevated IL-1β production in 

JAK2-V617F and Stk4+/-Stk3+/- double mutant mice was apparent at a relatively early 

time point in MPN progression. Importantly, we found that IRAK1/4-inhibitor treatment 

was sufficient to inhibit this chronic innate immune activation and reduce IL-1β 

abundance in serum in MPN. These findings demonstrate the importance of IRAK1 
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activation in mediating the proinflammatory phenotypes associated with Hippo kinase 

inactivation, and are consistent with another study that found STK4 downregulation in 

macrophages could accelerate hepatocellular carcinoma development through 

increased IRAK1-mediated inflammatory signaling73.  

 Although Hippo kinase deficiency alone was not sufficient to promote clonal 

pre-malignant expansion of hematopoietic stem/progenitor populations, we found that 

it was sufficient to cause specific myelodysplastic features and phenotypes 

associated with del(20q) in patients. In MDS, del(20q) as a sole abnormality 

frequently presents as isolated thrombocytopenia15,16 and, consistent with this, we 

reproducibly observed megakaryocytic/platelet abnormalities in our conditional 

knockout mice. There is strong evidence that abnormal megakaryocyte biology 

leading to reduced platelet production is an inherent feature of del(20q)-associated 

malignancy. Del(20q) is amongst the most frequent cooperating mutations in MPN 

overall, yet it is exceedingly rare in essential thrombocythemia patients19; and 

thrombocytopenia (a consistent phenotype in our models) is a significant phenotypic 

correlation in PMF patients with del(20q)20. In contrast to the proinflammatory 

signaling in the JAK2-V617F model, however, IRAK1 inhibition was not sufficient to 

rescue the abnormal platelet phenotypes associated with somatic Hippo kinase 

inactivation, at least in the course of our observations. There are likely additional 

signaling pathways that may be affected upon Hippo kinase loss and further studies 

characterizing megakaryocyte-specific inactivation may be interesting to pursue.  

 In our genetic models we have characterized the consequences of loss of both 

homologous Hippo kinases Stk4 (MST1) and Stk3 (MST2). At the time of performing 
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this study, mice with floxed alleles for individual Hippo kinase genes were not 

commercially available. STK3 is located on chromosome 8 and we did not detect it to 

be downregulated in MDS or MPN patient cohorts. In most normal tissues MST1 and 

MST2 are able to functionally compensate for one another, however in the 

hematopoietic system MST1 is functionally dominant owing to its drastically higher 

(10-20 fold) mRNA and protein expression. Consistent with this, homozygous 

germline Stk4 inactivation results in severe hematopoietic defects in mice, while 

homozygous germline Stk3 inactivation has no hematopoietic phenotypes72. 

Therefore, the contribution of Stk3/MST2 loss in our described phenotypes is 

minimal; and where applicable, we utilized Stk3 allele inactivation to additionally 

provide a very modest further reduction in total Hippo kinase abundance in an 

attempt to more closely resemble the total activity that would be observed in patients 

with sub-haploinsufficient STK4 expression as was observed in del(20q) MDS and 

MPN patients.  

 In summary, our data suggest that loss of Hippo kinase signaling contributes 

to pathogenesis of myeloid malignancies with chromosome 20q deletions. 

Heterozygous Hippo kinase inactivation significantly accelerated myelofibrotic 

transformation in a JAK2-V617F MPN model through effects on innate immune 

signaling and proinflammatory cytokine production. Further efforts towards therapies 

aimed at mitigating chronic innate immune activation through IRAK1 may be 

beneficial in del(20q)-associated myelofibrosis. 
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2.4. Materials and Methods 

ANIMALS 

 All animal protocols were approved by the UCSD Institutional Animal Care and 

Use Committee (IACUC). Mice were housed in standard conditions with up to 5 mice 

per cage, fed standard chow, and monitored in accordance with IACUC guidelines. 

C57BL/6J (stock # 000664) mice were obtained from The Jackson Lab and 

maintained in our animal facility for more than 10 generations. Vav1-Cre (stock # 

008610)138 and Mx1-Cre (stock # 003556)139 transgenic mice were obtained from The 

Jackson Lab and maintained as hemizygotes in our animal facility for more than 10 

generations. Stk4- and Stk3- floxed mice (stock # 017635)140 were obtained from The 

Jackson Lab and maintained as homozygotes for floxed alleles in our animal facility. 

Stk4- and Stk3-floxed mice were crossed into the various Cre strains as described in 

main text. To control for any potential genetic background effects, all mice (or mouse-

derived hematopoietic cells used for transplantations) were analyzed in groups with 

littermates of the same generation of backcross into respective Cre strains.  For use 

in all described competitive bone marrow transplant assays, the C57BL/6 congenic 

strain carrying the differential CD45.1 leukocyte receptor, B6.SJL-Ptprca Pepcb/BoyJ 

(stock # 002014) were obtained from The Jackson Lab and maintained in our animal 

facility for more than 10 generations. Genotyping for floxed alleles and Cre 

transgenes was conducted as described on The Jackson Lab website for each 

respective strain. 
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ANTIBODIES 

 Western blotting: MST1 (Cell Signaling, #3682); MST2 (Cell Signaling, #3952); 

Phospho-MOB1 (Thr35) (Cell Signaling, #8699); Phospho-IκBα (Ser 32) (Cell 

Signaling, #2859); IκBα (L35A5) (Cell Signaling, #4814); Phospho-NF-kB p65 

(Ser536) (93H1) (Cell Signaling, #3033); Phospho-IRAK1 (T209) (Abcam, 

#ab218130); IRAK1 (D51G7) (Cell Signaling, #4505); Monoclonal Anti-Flag M2 

(Sigma, #F3165); Monoclonal Anti-HA (HA-7) (Sigma, #H9658); β-Actin clone AC-15 

(Millipore Sigma, #A1978); IRDye 800CW anti-mouse IgG (Li-Cor, #925-32210); 

IRDye 680LT anti-rabbit IgG (Li-Cor, #925-68021) 

 Flow cytometry: FITC anti-mouse CD45.1 (eBioscience, #11-0453-85); FITC 

anti-mouse CD45.2 (Biolegend, #109806); FITC anti-mouse Ter-119 (eBioscience, 

#11-5921-81); FITC anti-mouse Ly-6G (Biolegend, #127606); FITC anti-mouse B220 

(Biolegend, #103206); PE anti-mouse CD71 (eBioscience, #12-071-82); PE anti-

mouse CD48 (Biolegend, #103406); PerCP/Cy5.5 anti-mouse CD3ε (Biolegend, 

#100328) [Lineage cocktail]; PerCP/Cy5.5 anti-mouse CD4 (Biolegend, #100540) 

[Lineage cocktail]; PerCP/Cy5.5 anti-mouse CD8α (eBioscience, #45-0081-82) 

[Lineage cocktail]; PerCP/Cy5.5 anti-mouse CD11b (Biolegend, #101228) [Lineage 

cocktail]; PerCP/Cy5.5 anti-mouse Gr-1 (Biolegend, #108428) [Lineage cocktail]; 

PerCP/Cy5.5 anti-mouse Ter-119 (Biolegend, #116228) [Lineage cocktail]; 

PerCP/Cy5.5 anti-mouse B220 (Biolegend, #103236) [Lineage cocktail]; 

PerCP/Cy5.5 anti-mouse CD19 (eBioscience, #45-0193-82) [Lineage cocktail]; 

PerCP/Cy5.5 anti-mouse CD127 (eBioscience, #45-1271-82) [Lineage cocktail]; 

PE/Cy7 anti-mouse CD117 (Biolegend, #105814); APC anti-mouse CD3ε 
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(eBioscience, #17-0031-82); APC anti-mouse CD11b (Biolegend, #101212); APC 

anti-mouse B220 (Biolegend, #103212); APC anti-mouse Sca-1 (Biolegend, 

#108112); Biotin anti-mouse CD150 (eBioscience, #13-1501-82); APC/AlexaFlour750 

Streptavidin (Molecular Probes, #SA1027). 

 

BONE MARROW TRANSPLANTATION 

 C57BL/6J (stock # 000664) transplant recipient mice were obtained from The 

Jackson Lab and maintained in our animal facility for more than 10 generations. For 

use in all described competitive bone marrow transplant assays, the C57BL/6 

congenic strain carrying the differential CD45.1 leukocyte receptor, B6.SJL-Ptprca 

Pepcb/BoyJ (stock # 002014) were used as recipients. These were obtained from 

The Jackson Lab and maintained in our animal facility for more than 10 generations. 

Recipient mice were between 8-12 weeks of age at time of transplantation and 

contained equal distributions of males and females. Recipient mice were randomly 

allocated amongst experimental groups while maintaining a matched distribution 

based on both age and sex. All lethal irradiations were performed as a single 

administration of a dosage of 9.5 Gy approximately 6-8 hours prior to transplantation 

of cells.  

 For non-competitive transplantation experiments, total bone marrow from three 

mice each of indicated genotypes was harvested as described in the „Hematopoietic 

cell isolation and collection‟ section and pooled together based on genotype. These 

total bone marrow cells were then immediately used for transplantations via 

resuspension in PBS at a density of 2 x 107 cells/mL and 100 μl of cell suspension 
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was administered per mouse (i.e. 2 x 106 cells per recipient mouse) via intravenous 

tail-vein injection. No additional helper cells were used during the transplantation 

experiments, and therefore the post-irradiation bone marrow of recipient mice is 

derived from the transplant donor cell genotype. 

 For competitive bone marrow transplantation experiments, total bone marrow 

from three mice each of indicated genotypes (in CD45.2 leukocyte receptor 

background) was harvested as described in the „Hematopoietic cell isolation and 

collection‟ section and pooled together based on genotype. Total bone marrow was 

harvested in parallel from three mice of C57BL/6 congenic strain carrying the 

differential CD45.1 leukocyte receptor and pooled. CD45.2 („donor‟) bone marrow 

cells were mixed at a 1:1 ratio with CD45.1 („recipient‟) cells, and these cells were 

then immediately used for transplantations via resuspension in PBS at a density of 2 

x 107 cells/mL and 100 μl of cell suspension was administered per mouse (i.e. 2 x 106 

cells per recipient mouse) via intravenous tail-vein injection in B6.SJL-Ptprca 

Pepcb/BoyJ (CD45.1) recipient mice. For analysis, donor-derived (CD45.2) 

frequencies were then measured in the peripheral blood beginning four weeks post-

transplantation.  

 For the JAK2-V617F MPN model, hematopoietic stem cell-enriched (via 5-FU 

administration) bone marrow cells were harvested as described in the „Hematopoietic 

cell isolation and collection‟ section and transduced as described in the „Viral 

Transduction‟ section. The total population of cells (of which ~2% are transduced with 

JAK2-V617F) were resuspended in PBS at a density of 0.5 x 107 cells/mL and 100 μl 

of cell suspension was administered per mouse (i.e. 0.5 x 106 total cells per recipient 
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mouse) via intraveneous tail-vein injection. No additional helper cells were used 

during the transplantation experiments, only the untransduced bone marrow cell 

population of the indicated genotype, and therefore the post-irradiation bone marrow 

of recipient mice is derived from the transplant donor cell genotype (i.e. Stk4+/+Stk3+/+ 

or Stk4+/-Stk3+/-), of which ~2% are transduced with JAK2-V617F (GFP+) at initial 

time of transplantation. Successful engraftment of transduced donor bone marrow 

cells were confirmed via measuring GFP+ cell frequency in the peripheral blood four 

weeks post-transplantation, and any mice showing undetectable GFP+ cell frequency 

are excluded from further analysis in the model. 

 

CELL LINES 

 HEK293T cells were acquired from ATCC. Cells were cultured in DMEM 

(HyClone, #SH30022.01) supplemented with 10% bovine calf serum and 1% 

penicillin/streptomycin at standard conditions of 5% CO2 at 37°C. THP-1 cells were 

acquired from ATCC. Cells were cultured in RPMI supplemented with 10% fetal 

bovine serum and 1% penicillin/streptomycin at standard conditions of 5% CO2 at 

37°C. 

 

CHEMICAL AND INHIBITOR TREATMENTS 

 IRAK1/4 inhibitior was purchased from Tocris Bioscience (#5665-50). IRAK1/4 

inhibitor was resuspended in DMSO at a concentration of 10 mM and aliquoted prior 

to use. For injection into mice working solutions were prepared by dilution of stock 

inhibitor solution 1:20 into 0.22 μM filtered PBS. Working solutions were then heated 
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to 55 °C for approximately 15 minutes and subjected to rocking at room temperature 

for 4 – 6 hours to aid in resuspension. Where applicable, an equal volume of 5% 

DMSO solutions were injected as controls (Mock treatment). For in vivo IRAK1/4 

inhibitor experiments, 4 mg/kg intraperitoneal (I.P.) injections were performed once 

every three days throughout the total course of treatment (4 weeks). For cell culture 

experiments working solutions were prepared via dilution in cell culture media 

(supplemented RPMI), heated to 37 °C, and similarly rocked at room temperature to 

aid in resuspension, prior to administering to cells. THP-1 cells were cultured 

overnight in media containing the indicated concentrations of inhibitor, or mock 

control media (0.1% DMSO), prior to, and during, stimulation with LPS (100 ng/mL) 

for two hours the next morning. 

  LPS (List Biological Laboratories, #201) stock solutions were prepared by 

resuspension in sterile H20 at a concentration of 5 mg/mL. Working solutions were 

prepared by subsequent serial dilution in cell culture media, and administration to 

cells was performed at a final concentration of 100 ng/mL for the times indicated in 

the manuscript.  

 Polyinosinic-polycytidylic acid (pIpC) (Sigma, #P0913) was resuspended in 

sterile H2O at a concentration of 1 mg/mL. Prior to injection, pIpC was temporarily 

heated to 65°C, and then cooled to room temperature. To induce gene inactivation in 

vivo using the Mx1-Cre system, 500 μg per mouse was injected intraperitoneally 

(I.P.) every other day for a total of 6 doses.  

 5-Fluorouracil (5-FU) (Sigma, #F6627) was resuspended in sterile H2O at a 

concentration of 15 mg/mL. Prior to injection, 5-FU was temporarily heated to 70°C to 
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assist with resuspension, and then cooled to room temperature. 5-FU was 

administered to mice as a single dose of 150 mg/kg by intraperitoneal (I.P.) injection. 

Bone marrow from 5-FU treated mice for use in transplantation experiments was 

harvested 5 days following injections. Any mice that did not show myeloablation in 

the bone marrow at time of cell harvest were excluded from use for any downstream 

experiments.  

 

FLOW CYTOMETRY AND CELL SORTING 

 Flow cytometric analysis was conducted using a BD FACSCanto instrument 

equipped with standard lasers (488 nm, 640 nm) and filters. Data collection was 

performed using BD FACSDiva software. Compensation was set up using 

appropriate single-stained controls and positive-staining gates were established 

using appropriate FMO controls. Post-acquisition data analysis was performed using 

FlowJo software (FlowJo, LLC). Flow sorting of bone-marrow mononuclear cells was 

performed on a FACSAriaII equipped with standard lasers (405 nm, 488 nm, 640 nm) 

and filters, and using a nozzle size of 85 μm. Stainings were conducted in PBS 

supplemented with 0.1% bovine serum albumin. Antibody validation and optimal 

antibody concentrations for stainings were pre-determined via titration. 

 

GENE EXPRESSION ANALYSIS 

 For gene expression analysis in CD34+ bone marrow cells comparing del(20q) 

MDS patients with healthy normal individuals, we utilized a previously published MDS 

patient gene expression dataset (GSE58831). Individual Affymetrix CEL files from 6 
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del(20q) MDS patients (MDS097, MDS113, MDS129, MDS158, MDS187, MDS202) 

and 10 normal controls (NBM01-NBM10) were downloaded from NCBI GEO 

repository. Array normalization using the RMA method and differential gene 

expression file creation were performed using the „ExpressionFileCreator‟ (V 12.0) 

module on the Gene Pattern public server. P-values were calculated by a standard 

Benjamini & Hochberg (False Discovery Rate) method. For display purposes, a gene 

expression heatmap was generated using the „HeatMapImage‟ (V 6.0) module on the 

Gene Pattern public server. Color scheme for gene expression values are normalized 

by row. Data from the top 25 significantly downregulated genes (by adjusted p-value) 

were used for generation of heatmap. For more information, see the specific module 

descriptions on the Gene Pattern webpage (https://genepattern.broadinstitute.org). 

 

HEMATOPOIETIC CELL COLLECTION AND ISOLATION 

 Bone marrow cells were harvested by flushing two femurs and two tibias per 

mouse with ice cold PBS using disposable syringes with 21-gauge needles. 

Splenocytes were harvested by physical tissue disruption and repeated pipetting in 

ice cold PBS.  Red cell lysis was performed by resuspending cell mixture in ice cold 

ACK buffer (0.1 mM Na2EDTA, 10 mM KHCO3, 150 mM NH4Cl) for 5 minutes, 

followed by washing with ice cold PBS and passage through a 40 μM cell strainer to 

eliminate large tissue/cell clumps and debris. For short-term culture and retroviral 

transduction/transplantation experiments, hematopoietic cells were resuspended in 

IMDM supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, 

recombinant mIL-3 (10 ng/mL), hIL-6 (10 ng/mL), and mSCF (20 ng/mL). Where 

https://genepattern.broadinstitute.org/
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applicable, mouse lineage-negative (Lin-) cells were isolated according to 

manufacturer‟s instructions using mouse Lineage Cell Depletion Kit (Miltenyi Biotec, 

#130-090-858), and enrichment efficiency was verified via flow cytometry. 

 

LUCIFERASE ASSAY 

 HEK293T cells seeded in 24-well plates were transfected with a 

pNFκB_Luciferase reporter vector (100 ng) containing 4X NF-κB responsive 

elements upstream of a minimal TATA promoter, pRL-TK Renilla luciferase control 

vector (25 ng), MIP-empty or MIP-MST1 (80 ng), and pcDNA3-Flag-TRAF6 (10 ng). 

48 hours following transfections, luciferase activity was measured on a BD Monolight 

3010 luminometer using the Dual-Luciferase Reporter Assay System (Promega) 

according to manufacturer‟s instructions. pcDNA3-Flag-TRAF6 was first confirmed to 

activate pNFκB_Luciferase activity relative to an empty vector control. 

 

PERIPHERAL BLOOD ANALYSIS 

 Peripheral blood samples (approximately 100 μl per mouse) were collected in 

EDTA-coated microvettes (Fisher Scientific, # NC9299309) by submandibular 

venipuncture using 5 mm animal lancets (Braintree Scientific, #GR5MM). Analysis of 

differential blood cell counts and parameters was performed using a Scil Vet abc 

Plus+ instrument (Henry Schein Animal Health). Instrument was regularly calibrated 

and maintained according to manufacturer‟s instructions. GFP+ cell frequencies in 

peripheral blood samples were measured by flow cytometry via dilution of peripheral 

blood samples in ACK buffer for 5 minutes, followed by washing once in 1 mL PBS, 
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and resuspension in 350 μl of PBS prior to flow cytometric analysis. Non-viable cells 

were excluded from analysis via addition of propidium iodide (PI). Differential blood 

cell frequencies were secondarily verified by flow cytometry (for example, 

CD11b+/Gr-1+ staining for measuring granulocyte frequencies). 

 

PRINCIPAL COMPONENT ANALYSIS AND HIERARCHICHAL CLUSTERING 

 Principal component analysis (PCA) and hierarchical clustering of differentially 

abundant serum proteins were performed using ClustVis.141 PCA is performed by 

singular value decomposition (SVD) method with unit variance scaling for row 

(individual serum proteins) normalization. Hierarchical clustering is performed using 

correlation distance and average linkage with unit variance scaling for row (individual 

serum proteins) normalization. 

 

qPCR ANALYSIS 

 Cell lysis and RNA isolation were performed using Trizol reagent 

(ThermoFisher Scientific, #15596026) according to manufacturer‟s instructions. 

cDNA was prepared from 0.5 – 1 μg RNA using qScript cDNA Supermix (Quanta, 

#95048) according to manufacturer‟s protocol. Quantitative PCR was performed 

using KAPA SYBR Fast 2X Master Mix (KAPA Biosystems, #KK4618) according to 

manufacturer‟s protocol, in 20 μl reactions, each performed in technical duplicates. 

qPCR reactions were performed using a BioRad CFX Connect instrument. Data 

analysis was performed using a standard delta-delta Ct method relative to the 
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geometric-mean of two reference genes, GAPDH and POLR2A (human cell 

experiments), or relative to the mean of Gapdh (murine experiments). 

 

SERUM PROTEIN PROFILING AND IL-1β ELISA 

 For Quantibody array based serum protein profiling aproximately 0.5 - 1 mL 

peripheral blood was collected in non-EDTA coated vacutainer tubes by 

submandibular venipuncture during terminal analysis of mice at 36 weeks post-

transplantation from three mice per experimental group. Whole blood was incubated 

at room temperature for 20 minutes followed by centrifugation at 1,800 xg for 10 

minutes at 4 °C. Serum was then collected, aliquoted, and stored at -80°C prior to 

shipping samples. Abundance of 200 mouse serum proteins/cytokines were analyzed 

by multiplexed sandwich ELISA-based quantitative array platform (Mouse 

Quantibody 4000 Array, Ray Biotech). Serum protein analysis and quantification was 

performed by Ray Biotech (https://www.raybiotech.com/). Post-quality controls, a 

total of 153 serum proteins were effectively quantified by this analysis.  

 For non-terminal serum assessment of cytokine abundance, 200 μl of 

peripheral blood was collected in non-EDTA coated vacutainer tubes by 

submandibular venipuncture. Whole blood was incubated at room temperature for 20 

minutes followed by centrifugation at 1,800 xg for 10 minutes at 4 °C. Serum was 

then collected, diluted 1:4 in reagent diluent solution (1% BSA in 0.22 μm filtered 

PBS), and stored at -80 °C. Mouse IL-1 beta / IL-1F2 Duoset ELISA was purchased 

from R & D Systems (DY401-05). ELISA-based measurement of serum IL-1β in the 

JAK2-V617F model was performed according to manufacturer‟s instructions. For 

https://www.raybiotech.com/
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IRAK1/4 inhibitor-related experiment, serum was analyzed from a total of 12 age-

matched wild-type control mice, seven JAK2-V617F;Stk4+/+Stk3+/+ (measured pre- 

and post-IRAK1/4 inhibitor treatment), and seven JAK2-V617F;Stk4+/-Stk3+/- 

(measured pre- and post-IRAK1/4 inhibitor treatment). Recombinant IL-1β standards 

used for establishment of standard curve quantification (working range: 15.6 pg/mL – 

1000 pg/mL) were measured in technical triplicate, and experimental serum samples 

were measured in technical duplicates. Absorbance measurements were performed 

using a microplate reader at 450 nm wavelength with background correction for 

individual wells performed by subtraction of absorbance measured at 570 nm. 

 

STATISTICAL ANALYSIS 

 Statistical analyses were conducted using GraphPad Prism (V 7.0) software. 

Individual statistical tests used for data analysis are indicated in figure legends. All 

data are displayed as mean (bar graph, horizontal line, or point) with error bars 

always representing S.E.M. All student‟s t-tests are conducted as two-tailed tests. 

Statistical significance in figures is displayed as follows: * = p < 0.05, ** = p < 0.01, 

*** = p < 0.001. In some cases, where p values are close to reaching a statistical 

significance threshold, exact values are displayed in figure panels. Where applicable, 

mouse sample sizes for measurement of various blood parameters were determined 

based on a minimal meaningful effect size of one standard deviation from a 

distribution of healthy wild-type control mice, assuming power = 0.9 and α = 0.05. 

 

TISSUE FIXATION AND HISTOLOGY 
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 Femurs and tibias were decalcified and fixed for 72 hours at room temperature 

in Cal-Ex II (Fisher Scientific, #CS511-1D). Spleens were fixed for 72 hours at room 

temperature in 4% formaldehyde (Fisher Scientific, #BP531-500). All tissue 

processing and staining was performed by the UCSD Moores Cancer Center Tissue 

Technology Shared Resource. Multiple sections per paraffin block were stained with 

hematoxylin and eosin (H&E), reticulin silver stain for reticulin fiber deposition, and 

trichrome stain for collagen deposition. For grading myelofibrosis in mouse bone 

marrow sections a scale was established based on both criteria established in human 

MPN patients and in previous mouse models of JAK2(V617F)-driven MPN, using 

experimentally unrelated wild-type mice as negative controls: 

 

0 – near absence of reticulin fibers, no more reticulin fibers than non-experimental 

wild-type C57BL/6 mice 

 

1 – low/medium density of reticulin fibers throughout sections without a high-degree 

of interconnectedness between fibers or only showing intense staining and 

interconnectedness in focal areas 

  

2 – high density and staining intensity of reticulin fibers throughout sections with 

consistently high degree of interconnectedness 

 

3 – high density and staining intensity of reticulin fibers throughout sections with 
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consistently high degree of interconnectedness and significant collagen deposition as 

detected by trichome stain. 

 

VECTORS 

 JAK2 (V617F)-pcw107-v5 was a gift from David Sabatini and Kris Wood 

(Addgene plasmid # 64610). To generate the MSCV-JAK2(V617F)-IRES-GFP vector 

used in the current study a JAK2(V617F) PCR fragment with added SalI sites was 

digested and subsequently ligated into XhoI-digested MSCV-IRES-GFP vector. 

pcDNA3-Flag-TRAF6 was a gift from Michael Karin (Addgene Plasmid # 66929). 

pJ3M-MST1 (Addgene Plasmid # 12203) and pJ3M-MST1-K59R (Addgene Plasmid 

# 12204) were gifts from Jonathan Chernoff. MST1 and MST1-K59R were subcloned 

into MSCV-Ires-PuroR (MIP) vector backbones for use in experiments described 

here. pcDNA3-HA-Ubiquitin (HA-Ub) was generated by sub-cloning processed wild-

type ubiquitin cDNA into the pCDNA3.1-HA vector backbone.  pNF-κB_Luc plasmid 

(Agilent Technologies) consists of 4X NF-κB responsive elements upstream of a 

minimal TATA promoter and firefly luciferase. pRL-TK Renilla luciferase control 

reporter vector was purchased from Promega. Vector cDNA sequences were 

confirmed by Sanger sequencing (Eton Bioscience, San Diego, CA). 

 

VIRAL TRANSDUCTION 

 For retroviral transduction of JAK2-V617F: Transfections of HEK293T cells 

were conducted by combining 5 μg of MSCV-IRES-GFP or MSCV-JAK2(V617F)-

IRES-GFP retroviral expression vector, 5 μg of ecotropic packaging vector (plK6.1-
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MCV.ecopac.UTd), and 40 μl of polyethylenimine (PEI) in 1 mL of Opti-MEM reduced 

serum medium (Gibco, #31985-070). Approximately 16 hours post-transfection, 

media was aspirated, cells were washed once in PBS, and 6 mL fresh IMDM (Gibco, 

#12440-053) supplemented with 10% fetal bovine serum was added to each plate. 

24 hours following media change, IMDM media containing retroviral particles was 

collected, passed through a 0.45 μm syringe filter, pooled, and supplemented with 

recombinant cytokines mIL-3 (10 ng/mL), hIL-6 (10 ng/mL), and mSCF (20 ng/mL), 

and polybrene (4 μg/mL). For retroviral transduction, HSC-enriched bone-marrow 

mononuclear cells harvested from mice were resuspended in this supplemented 

retroviral supernatant at densities of 2-3 x 106 cells/mL and centrifuged (2,000 xg) in 

6-well plates at 32°C for 3 hours (Allegra X-12R centrifuge, Beckman Coulter); 

followed by overnight culture at 37°C. Two consecutive retroviral transductions were 

performed in this manner on subsequent days. Transduction efficiency was 

measured (GFP+ frequency) by flow cytometry the morning following the second 

centrifugation (immediately prior to transplantation into recipient mice). Low retroviral 

titers were utilized, which were typically measured at ~1.5-2% GFP+ following two 

rounds of transduction. 

 For lentiviral transduction of shRNA constructs: Transfections of HEK293T 

cells were conducted by combining 5 μg of psPAX2, 2.5 μg of pMD2.G, and 3 μg of 

respective pLKO.1-based shRNA vector, and 44 μl of polyethylenimine (PEI) in 1 mL 

of Opti-MEM reduced serum medium (Gibco, #31985-070). Approximately 16 hours 

post-transfection, media was aspirated, cells were washed once in PBS, and 10 mL 

fresh RPMI supplemented with 10% fetal bovine serum was added to each plate. 24 
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hours following media change, RPMI media containing lentiviral particles was 

collected, passed through a 0.45 μm syringe filter, pooled, and supplemented with 

polybrene (final working concentration: 4 μg/mL). For lentiviral transduction, THP-1 

cells were resuspended in this supplemented retroviral supernatant at densities of 

~0.5 x 106 cells/mL and centrifuged (2,000 xg) in 6-well plates at 32°C for 3 hours 

(Allegra X-12R centrifuge, Beckman Coulter); followed by overnight culture at 37°C. 

Two consecutive transductions were performed in this manner on subsequent days. 

24 hours following second transduction cells were resuspended in 1.0 μg/mL 

puromycin, and selected for 72 hours, at which point viable drug-resistant cells were 

enriched via FICOLL gradient. Post-selection cells were maintained in growth media 

supplemented with 0.5 μg/mL puromycin. 

 

WESTERN BLOTTING and CO-IMMUNOPRECIPITATION 

 Samples were lysed in ice-cold NP-40 lysis buffer (50 mM Tris pH 8.0, 150 

mM NaCl, 1% NP-40) supplemented with protease inhibitor (Roche, #11873580001) 

and phosphatase inhibitor (Roche, #4906845001). Lysates were cleared by 

centrifugation at 11,000 xg for 10 minutes at 4°C, and denatured in 2X loading buffer 

(0.125 M Tris-HCl pH 6.8, 4% SDS, 10% B-mercaptoethanol, 20% glycerol, 0.004% 

bromophenol blue). For co-immunoprecipitation experiments approximately 500 μg 

lysate was combined with 40 μl of anti-Flag M2 agarose beads (Sigma, #M8823) and 

incubated at  4°C with rotating overnight. The following morning beads were washed 

4X with ice-cold NP-40 lysis buffer via centrifugation at 11,000 xg. Washed beads 

were then resuspended in 60 μl 2X loading buffer and denatured prior to loading. 
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Immunoblotting was performed using the Li-Cor Odyssey infrared imaging 

instrument. Post-acquisition image analysis and cropping was performed using Li-Cor 

Image Studio Lite (V 5.2.5) software. 

 For TRAF6 auto-ubiqutin chain formation co-immunoprecipitation experiments, 

transfections of HEK293T cells are performed in 10 cm plates using pcDNA3-empty 

or pcDNA3-Flag-TRAF6 (2.5 μg), MIP-empty or MIP-MST1 or MIP-MST1-K59R (5 

μg), pcDNA3-HA-Ub (6 μg), and 55 μl polyethylenimine (PEI). Approximately 16 

hours post-transfection, media was aspirated, cells were washed once in PBS, and 

10 mL fresh media was added. 48 hours following initial transfection cells are 

harvested and lysed for subsequent western blotting and co-immunoprecipitation 

experiments as described above.  

 Chapter 2, in full, has been submitted for publication. Stoner SA, Yan M, Liu K, 

Arimoto K, Shima T, Wang HY, Johnson DT, Bejar R, Jamieson C, Guan KL, and 

Zhang DE. “Hippo Kinase Loss Contributes to Del(20q) Hematologic Malignancies 

through Chronic Innate Immune Activation.” The dissertation author is the primary 

investigator and author of the manuscript. 
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Chapter 3. A non-canonical Hippo-RASSF2 signaling pathway controls Rac-

GTPase activation and is therapeutically exploitable in hematologic cancer 

 Ras-association domain family members (RASSF1-10), which encode 

peripheral Hippo pathway components with small GTPase binding ability, are among 

the most frequent transcriptionally-altered genes in cancer, yet remarkably little is 

known of their functions. Through biochemical and functional studies, we herein 

define a novel Hippo-RASSF2 pathway that regulates basal Rac GTPase activity in 

hematological cancer and can be exploited for therapy in patients. This non-

canonical signaling mechanism is independent of Hippo kinase activity, and is 

instead mediated by a SARAH domain-dependent interaction. Using proximity-based 

biotin labeling, we associate RASSF2 with Rho GTPase-related complexes and 

identify a direct interaction with the critical Rac guanine nucleotide exchange factor 

(GEF), DOCK2. RASSF2 promotes DOCK2 GEF activity in vitro; and RASSF2 

knockdown is sufficient to functionally abolish GTP-bound Rac and promote growth-

arrest in leukemia cells. Importantly, RASSF2 expression is broadly correlated with 

leukemia cell sensitivity to small-molecule inhibition of DOCK2 GEF activity, revealing 

novel mechanistic insight and providing a functional biomarker for sensitivity to 

perturbation of this pathway in hematological cancer. 
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3.1. Introduction 

 Hematologic cancer is dominated by mutations and large-scale chromosome 

abnormalities affecting transcription factors, splicing factors, and epigenetic 

regulators, which promote malignancy through alteration of gene expression142-146. 

These altered gene expression events effectively „re-program‟ signaling pathways in 

cancer cells to promote transformation; but also cause the acquisition of novel 

dependencies that can be therapeutically-exploited to inhibit malignant cell growth 

and survival147. Despite knowledge of the recurring somatic mutations affecting 

transcriptional regulators across cancer, the specific gene expression changes that 

contribute to development of individual malignancies, such as acute myeloid 

leukemia (AML), remain incompletely understood.  

 By performing gene expression analysis using a murine AML model driven by 

the t(8;21)-associated oncofusion protein, RUNX1-ETO (RUNX1-RUNX1T1, AML1-

ETO)90, we previously identified Ras-association domain family member 2 (Rassf2) 

as a gene that is significantly downregulated in murine leukemia blasts148, and set 

out to characterize the significance of this in hematologic cancer. The „classical‟ 

RASSFs (RASSF1-6) are among the most frequent transcriptionally-altered genes in 

human cancer149. RASSF proteins are non-enzymatic adaptors defined by the 

presence of both a small GTPase-binding (Ras-association) domain and a C-terminal 

Salvador-Rassf-Hippo (SARAH) domain150. Family member RASSF1A, in particular, 

functions as a ubiquitous tumor suppressor that experiences transcriptional silencing 

through promoter hypermethylation at high frequencies in cancer151,152, which 
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contributes to tumorigenesis via several mechanisms153-155. Other individual RASSFs 

display more nuanced cell-type specific expression patterns and functions107,108,156. 

Although linked with both oncogenic Ras signaling157 and the Hippo tumor 

suppressor pathway158, the functions of RASSF2 remain largely unknown. In 

pursuing these functions, we herein identify an unexpected role for RASSF2 as a 

critical regulator of the Rac subfamily of Rho GTPases.  

 Rho-family small (~21kDa) GTPases are essential for regulation of numerous 

cellular functions. There are 20 members of the Rho family in mammals, of which 

four (Rac1, Rac2, Rac3, RhoG) belong to the Rac subfamily159. Each Rac GTPase 

functions as a molecular switch by cycling between an active GTP-bound form and 

an inactive GDP-bound form160. Activation of these proteins is tightly controlled in a 

tissue- and context-specific manner by guanine-nucleotide exchange factors (GEFs), 

GTPase activating proteins (GAPs), and guanine-nucleotide dissociation inhibitors 

(GDIs)160-162. In addition to their normal cellular functions, Rac GTPases contribute to 

cancer development as downstream effectors of growth factor receptor signaling and 

oncogenic mutations in the Ras pathway163-165.  Activating point mutations in Rac1 

and Rac2 have been detected in solid tumors and hematologic malignancies166,167. 

Furthermore, Rac1 and Rac2 are essential for sustained cell proliferation and survival 

in murine leukemia models168,169. Rac GTPases represent attractive targets for 

therapy in hematologic cancer, however direct targeting of small GTPases has 

proved difficult and largely ineffective163,170,171. A thorough understanding of the 

diverse mechanisms controlling Rac activation in cancer will therefore be essential 

towards identifying novel therapeutic avenues and improving outcomes in patients.  
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 Here, through biochemical and functional characterization of RASSF2 in 

leukemia models, we have identified a novel signaling mechanism linking non-

canonical functions of mammalian Hippo kinases with control of Rac GTPase 

activation in hematologic cancer. We find targeting this pathway via shRNA-mediated 

perturbation or through the use of a small molecule inhibitor of the atypical Rac-

specific GEF, DOCK2, to be therapeutically effective in leukemia. Furthermore, we 

demonstrate that RASSF2 expression serves as a functional biomarker for 

determining sensitivity to these inhibition strategies in leukemia patients, opening the 

door for novel approaches to therapy. 
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3.2. Results 

3.2.1. RASSF2 transcription is differentially-regulated across specific AML 

subtypes 

 Using a mouse model of t(8;21) AML, we previously identified Rassf2 as a 

gene that is transcriptionally-downregulated greater than 20-fold in leukemic blasts 

compared to normal murine hematopoietic progenitors148. We therefore set out to 

study RASSF2 in the context of myeloid leukemia development. Consistent with an 

initial report157, we found RASSF2 transcript expression to be most abundant in 

normal human peripheral blood tissue (Figure 3.1A). During normal human 

hematopoiesis RASSF2 is highly expressed across the majority of lineages and 

differentiation stages, with further elevated transcription in mature monocyte, 

neutrophil, and myeloid dendritic-cell populations (Figure 3.1B); suggestive of 

important functions in the myelo-granulocytic lineage. To follow-up on our murine 

leukemia study we assessed RASSF2 transcript expression in two cohorts of AML 

patients (TCGA142 and GSE13159172, Figure 3.2A). Consistent with the mouse 

model, RASSF2 is uniquely downregulated in t(8;21) AML patients relative to other 

AML subtypes and healthy-donor CD34+ hematopoietic cells. We also found both 

RASSF2 mRNA (Figure 3.2B) and protein (Figure 3.2C) expression to be drastically 

downregulated (~10-50 fold) specifically in t(8;21) AML cell lines relative to non-

t(8;21) AML cell lines and human CD34+ cells.  

 We next sought to determine whether this transcriptional repression was 

directly mediated by the RUNX1-ETO oncofusion protein in t(8;21) AML90. Supporting 
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this hypothesis, both the canonical RASSF2 promoter CpG island173 and a 

downstream alternative transcription start site demonstrated chromatin co-occupancy 

of RUNX1-ETO, repressive histone deacetylases (HDAC1/2), and RUNX1-ETO 

transcription factor complex component LYL1174, in t(8;21) AML cells (Figure 3.3A). 

These genomic regions are bound by the major hematopoietic transcription factors 

RUNX1, ERG, and FLI1 in healthy human CD34+ cells175, demonstrating that they 

are the major regulatory elements for controlling RASSF2 expression during 

hematopoiesis (Figure 3.1C). Retroviral transduction of cord-blood derived human 

CD34+ cells with a RUNX1-ETO expression vector was sufficient to reduce RASSF2 

transcript (Figure 3.3B). Similarly, RUNX1-ETO knockdown using siRNA targeted to 

the fusion site176 was sufficient to increase RASSF2 mRNA expression in a t(8;21) 

AML cell line (Figure 3.3C). These findings are consistent with published studies in 

which RASSF2 is frequently one of the most dynamically upregulated genes following 

RUNX1-ETO knockdown174,177,178. Together, these results demonstrate that RASSF2 

is differentially expressed across AML subtypes and is a transcriptional target of the 

RUNX1-ETO oncofusion protein. 
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Figure 3.1. Expression and transcriptional regulation of RASSF2 in normal 
human hematopoiesis. 
(A) RASSF2 transcript expression across healthy primary human tissue, ranked by 
abundance. Displayed data are from the human genotype-tissue expression (GTEX) 
portal179. TPM, transcripts per million. (B) RASSF2 transcript expression across 
normal human hematopoiesis. Data are from 180 and visualized using BloodSpot181 
(www.bloodspot.eu). (C) ChIP-seq tracks showing binding of indicated transcription 
factors within the RASSF2 genomic locus in normal human CD34+ cells. Data are 
from 175. 
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Figure 3.2. Transcriptional repression of RASSF2 specifically in t(8;21) AML 
patients. 
(A) Normalized RASSF2 expression from two independent cohorts of AML patients 
(GSE13159172, left and TCGA142, right). For GSE13159, CD34+ cells from healthy 
donors (n = 18) are indicated in white, non-t(8;21) AML patients (n = 192) are 
indicated in blue, and t(8;21) AML patients (n = 60) are indicated in red. For TCGA, 
non-t(8;21) AML patients (n = 164) are indicated in blue, and t(8;21) AML patients (n 
= 7) are indicated in red. Data are presented as Tukey boxplots with outliers 
indicated by individual points. ** p < 0.01, ANOVA followed by post-hoc Tukey test. 
(B) RT-qPCR data showing RASSF2 expression in non-t(8;21) (blue) and t(8;21) 
(red) AML cell lines. Data are normalized relative to healthy CD34+ cord-blood cells 
and presented as mean +/- s.e.m. of three experiments. (C) Western blot showing 
protein from whole cell lysates as indicated, data are representative of 3 experiments. 
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Figure 3.3. t(8;21) oncofusion protein RUNX1-ETO downregulates RASSF2 
transcription. 
(A) ChIP-seq tracks showing binding of indicated transcription/epigenetic factors 
within the RASSF2 genomic locus in the Kasumi-1 t(8;21) AML cell line. (B) 
Normalized RT-qPCR data showing fold-change RASSF2 expression in cord-blood 
CD34+ cells 72 hours post-transduction with empty or RUNX1-ETO expression 
vectors. Data are mean +/- s.e.m. of three experiments (indicated by points). (C) 
Normalized RT-qPCR data showing fold-change RASSF2 expression in Kasumi-1 
cells 72 hours post-nucleofection with control or RUNX1-ETO targeting siRNA. Data 
are mean +/- s.e.m. of four experiments (indicated by points). 
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3.2.2. Re-expression of RASSF2 is tumor-suppressive specifically in t(8;21) 

AML 

 We next explored the functional consequences of this transcriptional 

repression to leukemogenesis in vitro and in vivo. Using retroviral GFP-based 

reporter vectors, we screened the effect of RASSF2 expression on cell proliferation 

across a panel of AML cell lines. Only upon expression in the t(8;21) AML cell lines, 

Kasumi-1 and SKNO-1, did RASSF2 impart a competitive growth disadvantage 

relative to control-transduced (GFP only) populations (Figure 3.4A). Importantly, 

assessment of protein expression in sorted GFP+ RASSF2-transduced cell 

populations showed that RASSF2 re-expression occurred in a physiologically-

relevant manner and was not overexpressed compared to endogenous amounts 

observed in non-t(8;21) AML cell lines (Figure 3.4B). These results suggest that 

RASSF2 is a context-specific, rather than general, tumor suppressor protein in 

myeloid leukemia. We next assessed the ability of RASSF2 to suppress RUNX1-

ETO-mediated leukemic transformation of primary murine hematopoietic progenitors 

using a serial replating / colony formation assay (Figure 3.5A). Re-expression of 

RASSF2 was sufficient to block RUNX1-ETO-mediated long-term clonogenic self-

renewal after 3 – 4 weeks (Figures 3.5B and 3.5C). We also assessed RASSF2-

mediated tumor suppression in vivo using a murine retroviral transduction and 

transplantation model of t(8;21) AML with the alternatively-spliced luekomogenic 

protein variant, RUNX1-ETO9a (RE9a, Figure 3.6A)182. Co-expression of Rassf2 

significantly delayed RE9a leukemia onset (median survival 214 vs 150 days) 

compared to an empty-vector control (Figure 3.6B). The delay in leukemia onset was 
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associated with reduced leukemic burden indicated by the frequency of circulating 

GFP+ blasts in the peripheral blood (Figures 3.7A, 3.7B, 3.7C, and 3.7D), and less 

severe anemia (Figures 3.7E and 3.7F) at an intermediate time point. Terminal 

assessment of myeloid leukemia cells in moribund mice revealed no significant 

morphological differences between cohorts (Figure 3.8). Interestingly, several 

terminal AMLs in the Rassf2 cohort had lost detectable expression of the tdTomato 

reporter, demonstrating clonal selective pressure against Rassf2-expressing cells in 

t(8;21) AML. These data reveal RASSF2 to be a physiologically-relevant tumor 

suppressor, but only within the context of a specific AML subtype in which it is 

transcriptionally repressed. 
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Figure 3.4. RASSF2 re-expression screen in a panel of AML cell lines. 
(A) Fold-change in population mean GFP fluorescence intensity (MFI) over time was 
measured by flow cytometry in the indicated cell lines following transduction 
(efficiencies ~50-60%) with retroviral MSCV-IRES-GFP (MIG), or MSCV-RASSF2-
IRES-GFP (RASSF2) vectors. Data are mean +/- s.e.m. of four experiments. *** p < 
0.001, two-tailed student‟s t-test performed at day 17 for cell lines in which GFP MFI 
of one vector-transduced population dropped below initial measurement value (day 1 
post-transduction), which is indicated by dashed grey line. (B) Western blot for 
indicated proteins. For SKNO-1 and Kasumi-1 cell lines, GFP+ cells are sorted three 
days post transduction with retroviral expression vectors, MSCV-IRES-GFP (MIG) or 
MSCV-RASSF2-IRES-GFP (RASSF2). 
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Figure 3.5. RASSF2 suppresses RUNX1-ETO leukemic transformation ability in 
a serial replating / colony formation assay.  
(A) Experimental schematic of the colony formation / serial replating in vitro assay of 
RUNX1-ETO mediated leukemic transformation. (B) Number of colonies (per 10,000 
plated cells) for each week of serial replating of primary murine bone marrow cells 
transduced with vectors as indicated. Data are mean +/- s.e.m. of five experiments. * 
p < 0.05, ** p < 0.01, *** p < 0.001, two-tailed student‟s t-test. (C) Representative 
images of colonies from fourth week of replating for indicated populations.  
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Figure 3.6. Re-expression of RASSF2 prolongs survival in a RUNX1-ETO9a 
(RE9a) primary murine leukemia model. 
(A) Schematic for primary RUNX1-ETO9a retroviral transduction/transplantation 
murine model of t(8;21) AML with re-expression of Rassf2 (RE9a/Rassf2) or vector 
control (RE9a/Ctrl). (B) Survival analysis for experiment described in (j), significance 
determined by log-rank (Mantel-Cox) test. 
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Figure 3.7. Peripheral blood parameters in the RE9a / Rassf2 primary AML 
model. 
(A) Representative peripheral blood smears of indicated mice at 125 days post-
transplantation. (B) Peripheral white blood cell (WBC) counts of indicated mice at 125 
days post-transplantation, solid lines indicate population mean. * p < 0.05, two-tailed 
student‟s t-test. (C) As (B) but for GFP+ cell frequency at 28 days post-
transplantation. (D) As (C) but at 125 days post-transplantation. (E) As (B) but for red 
blood cell counts (RBC). (F) As (B) but for Hematocrit (HCT%). 
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Figure 3.8. Representative Wright-Giemsa stained cytospins from moribund 
leukemic splenocytes of the indicated mice. 
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3.2.3. RASSF2 function is unrelated to oncogenic Ras signaling or nucleo-

cytoplasmic shuttling in hematologic cancer 

 We next explored the mechanism of RASSF2 function in myeloid 

leukemogenesis. RASSF proteins possess no enzymatic activity and are primarily 

thought to function as scaffolds through their protein-protein interaction domains150. 

RASSF2 is reported to exert tumor-suppressive functions as a nucleo-cytoplasmic 

shuttling protein183. We could not, however, detect any evidence for nuclear 

localization of endogenous or exogenous RASSF2 in myeloid leukemia cell lines; 

while still replicating nucleo-cytoplasmic shuttling upon expression in HEK293T cells 

(Figures 3.9A, 3.9B, and 3.9C). These results are consistent with data from the 

Human Protein Atlas184, in which RASSF2 is exclusively localized to the cytoplasmic / 

membranous compartments in hematopoietic cells (www.proteinatlas.org). Several 

RASSFs have been implicated in negative regulation of oncogenic Ras function 

through the Ras-association (RA) domain149,150,157. Activating point mutations in 

NRAS and KRAS are frequent in AML and often co-occur with t(8;21)185. Despite this, 

upon re-expression of RASSF2 in t(8;21) AML cells we could not detect any negative 

effects on canonical Ras signaling through the MAPK/ERK or AKT pathways 

following stimulation with cytokines or serum (Figure 3.10A). Furthermore, we found 

no evidence of correlation between RASSF2 expression and the presence of 

oncogenic RAS mutations more broadly across myeloid leukemia patients (Figure 

3.10B). These data are consistent with Ras-centric proteomic studies that have not 

identified RASSF proteins as bona-fide endogenous interactors of either wild-type or 

http://www.proteinatlas.org/
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mutant Ras proteins186, and thus warranted investigation of RASSF2 function through 

additional mechanisms. 

 

 

Figure 3.9. RASSF2 is exclusively localized in the cytoplasmic fraction in 
leukemia cells. 
(A) Western blots from cellular fractionation lysates for endogenous proteins in cell 
lines as indicated. Cyt, cytoplasmic fraction, Nuc, nuclear fraction. Data are 
representative of three experiments. (B) as (A), but with stable transduction of 
MSCV-IRES- PuroR (CTRL) or MSCV-Flag-RASSF2-IRES-PuroR (RASSF2) in 
SKNO-1 cells. (C) as (B), but with stable transfection of indicated vectors in 
HEK293T cells. 
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Figure 3.10. RASSF2 expression does not affect oncogenic Ras signaling in 
AML. 
(A) Western blots for indicated proteins and phospho-proteins in Kasumi-1 (left) and 
SKNO-1 (right) AML cell lines with stable transduction of MSCV-IRES- PuroR (CTRL) 
or MSCV-Flag-RASSF2-IRES-PuroR (RASSF2). Cells are serum starved overnight, 
and then stimulated with recombinant human IL-3 (20 ng/mL) and SCF (50 ng/mL) for 
times indicated. Data are representative of three experiments. (B) RASSF2 mRNA 
expression from TCGA AML patient cohort, stratified based on presence or absence 
of activating mutation in NRAS (left) or KRAS (right). Data are visualized from 
cBioPortal (www.cbioportal.org). 
 

 

 

http://www.cbioportal.org/
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3.2.4. RASSF2-mediated functions are dependent on interaction with Hippo 

kinases MST1/2 

 All six classical RASSFs contain a highly-conserved C-terminal Salvador-

Rassf-Hippo (SARAH) domain that is unique to protein components of the Hippo 

signaling pathway and mediates homo- or hetero-dimerization between SARAH 

domain-containing proteins150. Structural and biochemical analyses suggest that the 

mammalian Hippo kinases, MST1 and MST2, primarily exist as SARAH-mediated 

heterodimers with RASSF proteins under basal cellular conditions187. To determine 

whether interaction with MST1/2 was required for RASSF2 function, we generated a 

RASSF2 deletion mutant lacking the SARAH domain (RASSF2ΔSARAH) for use in 

the serial replating / colony formation assay (Figure 3.11). RASSF2ΔSARAH 

completely lost the ability to suppress RUNX1-ETO leukemic transformation and 

induce apoptosis in RUNX1-ETO expressing cells (Figures 3.12A, 3.12B, 3.12C, 

3.12D). To further confirm the requirement of Hippo kinases for RASSF2-mediated 

tumor suppression we generated mice with conditional gene inactivation of both 

MST1 (Stk4) and MST2 (Stk3) in hematopoietic cells (Vav1-Cre). By co-expression of 

RUNX1-ETO and RASSF2 in the background of control (Vav1-Cre-), heterozygous 

(Stk4f/+Stk3f/+;Vav1-Cre+), and homozygous (Stk4f/fStk3f/f;Vav1-Cre+)  knockout mice, 

we found that the presence of MST1/2 was essential for the ability of RASSF2 to 

inhibit RUNX1-ETO leukemic transformation (Figure 3.13). These data revealed the 

importance of the Hippo-RASSF2 interaction and we set out to further characterize 

this in myeloid leukemia. 
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Figure 3.11. Schematic of RASSF2 proteins expressed in replating assays. 
RA, Ras-association domain, SARAH, Salvador-Rassf-Hippo domain. 
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Figure 3.12. RASSF2 SARAH domain is required for suppression of RUNX1-
ETO leukemic transformation ability. 
(A) Colony number (per 10,000 cells plated). (B) Total viable cell number (per 10,000 
cells plated). (C) Frequency of Annexin-V+ apoptotic cells. (D) Representative 
images of colonies; for RUNX1-ETO serial replating / colony formation assay with co-
transduction of indicated vectors. Data are normalized relative to empty vector 
control-transduced populations and presented as mean +/- s.e.m. of four 
independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, two-tailed student‟s t-
test. 
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Figure 3.13. RASSF2-mediated suppression of RUNX1-ETO leukemic 
transformation is dependent on presence of Hippo kinases MST1/2 (STK4/3). 
RUNX1-ETO primary murine serial replating / colony formation assay was performed 
in mice of three indicated genotypes, with expression of RASSF2 or empty vector 
control, as shown at left. Colony numbers (per 10,000 cells plated) are shown for 
third and fourth week of replating for each genotype. Data are mean +/- s.e.m. of 
three experiments. * p < 0.05, two-tailed student‟s t-test. 
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3.2.5. SARAH domain-mediated stabilization of RASSF2 is a non-canonical 

MST1 signaling mechanism with functional consequences in leukemia 

 Despite a modest stabilizing effect on MST1 and MST2, RASSF2 expression 

did not alter signaling through canonical Hippo pathway targets MOB1 and LATS1158 

in t(8;21) AML cells (Figures 3.14A and 3.14B). These findings are consistent with 

another report in which RASSF2 expression did not affect canonical MST1/2 

phosphorylation targets188. We therefore asked whether MST1 kinase activity was at 

all required for the RASSF2 tumor-suppressive function against t(8;21) AML cells 

through expression of a kinase-dead point-mutant protein, MST1-K59R (Figure 

3.15A). We also included a biologically-relevant C-terminal truncation mutant of 

MST1 that mimics caspase-cleavage at amino acid 326 (MST1Δ326), which is 

widely-accepted to exert increased proapoptotic kinase activity through removal of an 

auto-inhibitory domain (AID), while also losing its ability to dimerize with RASSF 

proteins through the SARAH domain (Figure 3.15A)189. We confirmed MST1-K59R 

to act as a dominant negative kinase towards MOB1 phosphorylation upon 

expression in t(8;21) AML cells (Figure 3.15B). Remarkably, expression of either full-

length MST1 or dominant-negative MST1-K59R, but not C-terminally truncated 

MST1Δ326, was sufficient to induce apoptosis and suppress growth of t(8;21) AML 

cells (Figures 3.15C and 3.15D). This revealed that the ability of MST1 to interact 

with RASSF2 through the SARAH domain, rather than its kinase activity, contributes 

to its function in myeloid leukemia cells. Based on this, we further explored the 

kinetics of RASSF2 protein stability and its relationship with Hippo kinase MST1. 



 

116 
 

Using a cyclohexamide chase assay to measure protein stability we found RASSF2 

to have a relatively short half-life of 2 – 3 hours in HEK293T cells (Figure 3.16A). 

This degradation was proteasome-dependent as treatment with the selective 

proteasome inhibitor lactacystin rescued RASSF2 protein amount (Figure 3.16B). 

We then assessed the ability of MST1 and its protein variants to protect RASSF2 

from proteasomal degradation. Consistent with being independent of kinase activity, 

both MST1 and MST1-K59R, but not MST1Δ326, effectively protected RASSF2 from 

degradation following cyclohexamide treatment (Figures 3.16C and 3.16D). To 

confirm the relevance of this non-canonical Hippo kinase function in vivo we 

assessed protein expression in murine hematopoietic progenitor cells from the 

conditional knockout mice described above, and found endogenous RASSF2 protein 

to be completely dependent on the presence of MST1/2 for stabilization (Figure 

3.17). These data demonstrate that a previously unappreciated kinase-independent 

function of the Hippo kinases MST1/2 can contribute to regulation of cancer cell 

growth through SARAH domain-dependent stabilization of RASSFs. 
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Figure 3.14. RASSF2 does not affect signaling through canonical Hippo 
pathway targets MOB1 and LATS1. 
(A) Western blots for indicated proteins and phospho-proteins in Kasumi-1 and 
SKNO-1 AML cell lines with stable transduction of MSCV-IRES- PuroR (CTRL), 
MSCV-Flag-RASSF2-IRES-PuroR (RASSF2), or MSCV-Flag-RASSF2ΔSARAH-
IRES-PuroR (RASSF2ΔSARAH). Data are representative of three experiments. (B) 
Quantification of multiple experiments described in (A). Signal intensities are 
normalized to β-Actin loading and plotted relative to MSCV-IRES- PuroR (CTRL) 
cells, which are indicated with dashed gray lines. 
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Figure 3.15. MST1 functions as a tumor suppressor in t(8;21) AML independent 
of kinase activity. 
(A) Schematic of MST1 protein variants. K59R, substitution of arginine for lysine at 
amino acid residue 59 results in kinase-dead protein that functions as dominant 
negative, AID, auto-inhibitory domain, SARAH, Salvador-Rassf-Hippo domain, red 
arrows represent endogenous caspase-cleavage sites. (B) Western blot showing 
protein from whole cell lysates in the SKNO-1 t(8;21) cell line transduced with MST1-
variant retroviral expression vectors as indicated. c-MST1, caspase-cleaved MST1. 
(C) Apoptotic cell (Annexin-V+) frequencies in six indicated AML cell lines four days 
post-transduction with MST1-variant retroviral expression vectors as indicated. Data 
are mean +/- s.e.m. of four experiments (indicated by points). (D) Relative cell 
proliferation of indicated AML cell lines transduced with MST1-variant retroviral 
expression vectors as indicated, cells were seeded at equal density at day 1, which 
represents four days post-transduction. Data are mean +/- s.e.m. of four 
experiments. *** p < 0.001, two-tailed student‟s t-test with Holm-Sidak correction for 
multiple comparisons. 
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Figure 3.16. RASSF2 stability is dependent on the Hippo kinase SARAH 
domain. 
(A) Western blot showing time-course of protein expression following addition of 25 
μM cyclohexamide (CHX) from HEK293T whole cell lysates beginning 48 hours post-
transfection with RASSF2 expression vector. Quantification of three experiments is 
shown below. (B) Western blot showing time-course of protein expression following 
addition of 25 μM cyclohexamide (CHX) from HEK293T whole cell lysates beginning 
48 hours post-transfection with RASSF2 expression vector, with (bottom) or without 
(top) the addition of 10 μM Lactacystin. Data are representative of three experiments. 
(C) Western blot showing protein from HEK293T whole cell lysates 72 hours post-
transfection with indicated expression vectors, with or without the addition of 25 μM 
cyclohexamide (CHX) for the final 8 hours as indicated. Data are representative of 
three experiments. (D) Quantification of relative change in RASSF2 protein 
abundance with or without cyclohexamide treatment from three experiments 
described in (C). 
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Figure 3.17. Destabilization of RASSF2 in Hippo kinase knockout hematopoietic 
stem/progenitor cells. 
Western blot showing protein from whole cell lysates of Lineage-marker negative 
(Lin-) primary murine hematopoietic cells derived from bone marrow of mice of 
indicated genotypes. Data are representative of two experiments. 
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3.2.6. Proximity-dependent biotin labeling defines the endogenous RASSF2-

proximal proteome and reveals a novel role in regulation of Rac GTPase 

activation via DOCK2 

 Given our data suggesting RASSF2 functions downstream of MST1-mediated 

stabilization, rather than upstream of MST1 kinase activity, we set out to identify 

novel proteins/complexes associated with RASSF2 in leukemia cells. To do this, we 

employed a proximity-dependent biotin labeling (BioID) approach190 to identify 

physiologically-relevant proximal proteins upon re-expression of RASSF2 in t(8;21) 

AML cells. We tested three different orientations for expression of the RASSF2-

BioID2191 fusion cassette, and ultimately chose a C-terminal fusion separated with a 

linker peptide based on its retained ability to interact with and biotinylate MST1 as a 

positive control (Figures 3.18A, 3.18B, 3.18C, and 3.19A). Affinity purification of 

biotinylated proteins was performed using steptavidin-conjugated beads and samples 

were submitted for mass spectromety analysis following stringent washing conditions 

(Figures 3.18D and 3.19B). After strict filtering based on the CRAPome192 we 

identified 60 unique RASSF2-specific proximal proteins across three independent 

replicates in Kasumi-1 cells (Table 3.1). Hippo kinases MST1 and MST2 were the 

first- and sixth-ranked significant hits, respectively, highlighting the accuracy and 

reproducibility of this approach. Gene ontology analysis of the full list revealed 

RASSF2 to be associated with several pathways and cellular functions that are 

enriched for proteins related to signaling by Rho-family GTPases (Figure 3.19C). 

This proximal proteome includes proteins that are general downstream Rho-effectors 
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related to regulation of microtubule polymerization, including PPP1CC, NUDC, 

SEH1L, STMN1, STMN2, FKBP4, and MAP4; as well as proteins involved in specific-

regulation of the localization and activation of Rac-family GTPases, DVL2, ANXA2, 

and DOCK2. Interestingly, no additional canonical Hippo pathway components or 

SARAH domain-containing proteins were identified, demonstrating the discrete 

nature of the Hippo-RASSF2 non-canonical signaling complex in leukemia cells.  

One specific protein identified was the critical hematopoietic Rac1/2-specific guanine 

exchange factor (GEF), DOCK2. DOCK2 functions as a Rac1/2-specific GEF via 

catalyzing the nucleotide exchange reaction through the DHR2 domain. We validated 

this novel RASSF2-DOCK2 interaction via co-immunoprecipitation in HEK293T cells 

(Figure 3.20A). Given this novel interaction between RASSF2 and DOCK2, we 

examined whether RASSF2 may have an effect on DOCK2 enzyme activity towards 

Rac-GTPases. We co-expressed HA-tagged RAC1 with RASSF2 and DOCK2, either 

individually or together, and measured the abundance of active (GTP-bound) RAC1 

in HEK293T cells using the well-descibed PAK1-binding domain based pull-down 

assay. In this context, RASSF2 expression alone had no effect on RAC1-GTP 

abundance; however RASSF2 significantly enhanced DOCK2-mediated RAC1 

activation upon co-expression (Figures 3.20B and 3.20C). These data demonstrate 

that RASSF2 functions as a DOCK2-specific co-factor for promotion of quinine 

nucleotide exchange and Rac-GTPase activation. To determine whether MST1 may 

play a role in this process we performed co-immunopreciptation and Rac-GTPase 

assays in HEK293T cells at a longer time course, in which RASSF2 would 

experience significant proteasomal degradation in the absence of MST1-mediated 
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stabilization. Indeed, co-expression of MST1 or MST1-K59R, but not MST1Δ326, 

increased the ability of RASSF2 to interact with DOCK2, and promoted prolongued 

activation of Rac-GTP through DOCK2 GEF activity (Figures 3.21A and 3.21B). 
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Table 3.1. RASSF2-proximal proteome as identified by BioID method. 

Protein IDs
Mapped Gene 

Symbol
 Intensity Ctl  Intensity RASSf2  log2 FC 

MS/MS 

count Ctl

MS/MS 

count RASSf2

CRAPome Num 

of Expt. Found

Q13043 STK4 -                   76,929,400.00    26.20                     0 52 9

P50749 RASSF2 -                   44,222,000.00    25.40                     0 48 0

P62266 RPS23 -                   17,772,400.00    24.08                     2 3 160

Q9UNZ2 NSFL1C -                   15,709,900.00    23.91                     0 11 32

O00151 PDLIM1 -                   7,850,640.00      22.90                     0 7 32

Q13188 STK3 -                   7,197,310.00      22.78                     0 12 8

Q93045 STMN2 -                   6,595,200.00      22.65                     0 9 56

Q5SW79 CEP170 -                   6,127,600.00      22.55                     1 6 46

P16949 STMN1 -                   5,284,100.00      22.33                     0 12 78

Q13765;E9PAV3 NACA -                   4,843,400.00      22.21                     1 4 125

Q15154 PCM1 -                   4,257,400.00      22.02                     0 14 31

O43432 EIF4G3 -                   4,182,390.00      22.00                     0 4 42

O95391 SLU7 -                   3,819,000.00      21.86                     1 3 45

Q13263 TRIM28 -                   3,333,100.00      21.67                     0 3 177

Q9BYG3 NIFK -                   3,216,560.00      21.62                     2 4 -                  

Q69YH5 CDCA2 -                   3,194,800.00      21.61                     2 3 25

Q9BXS5 AP1M1 -                   3,149,800.00      21.59                     0 2 12

Q5T3I0 GPATCH4 -                   2,592,830.00      21.31                     1 4 37

Q9Y266 NUDC -                   2,453,940.00      21.23                     1 6 99

P37802 TAGLN2 -                   2,399,300.00      21.19                     0 2 156

Q15050 RRS1 -                   2,378,760.00      21.18                     1 3 38

P55197 MLLT10 -                   2,128,100.00      21.02                     2 4 2

Q12830 BPTF -                   1,851,910.00      20.82                     4 5 32

Q9BRP8 WIBG -                   1,831,400.00      20.80                     0 6 39

Q99733 NAP1L4 -                   1,826,850.00      20.80                     0 4 90

P35658 NUP214 -                   1,601,470.00      20.61                     0 13 49

Q14444 CAPRIN1 -                   1,529,920.00      20.55                     1 8 120

Q02790 FKBP4 -                   1,414,810.00      20.43                     1 3 95

Q6P1Q9 METTL2B -                   1,390,800.00      20.41                     2 3 1

Q96CS3 FAF2 -                   1,077,120.00      20.04                     1 5 25

Q7Z4S6;O75037 KIF21A -                   896,840.00         19.77                     1 2 1

P62633 CNBP -                   858,850.00         19.71                     0 3 16

P49790 NUP153 -                   439,370.00         18.75                     0 2 48

O14641;Q92997 DVL2 -                   431,640.00         18.72                     0 4 22

Q96EE3 SEH1L -                   399,920.00         18.61                     2 5 38

Q96L96 ALPK3 -                   384,382.00         18.55                     0 3 1

Q9H6Z4 RANBP3 -                   349,480.00         18.41                     2 4 28

P30740 SERPINB1 -                   344,850.00         18.40                     3 5 1

Q6Y7W6 GIGYF2 -                   333,730.00         18.35                     2 3 45

Q5UIP0 RIF1 -                   317,186.00         18.27                     1 5 61

P63241;Q9GZV4 EIF5A 191,710.00      8,002,568.00      5.38                       2 4 125

O43491 EPB41L2 187,190.00      3,432,910.00      4.20                       4 10 51

P27816 MAP4 4,087,500.00   71,442,000.00    4.13                       5 30 86

P06454 PTMA 125,080.00      1,735,230.00      3.79                       4 6 68

P61981 YWHAG 464,690.00      5,316,400.00      3.52                       4 3 131

Q8NDI1 EHBP1 694,710.00      7,773,080.00      3.48                       6 15 19

Q92608 DOCK2 609,870.00      6,619,100.00      3.44                       2 5 2

Q9UPN4 CEP131 1,345,300.00   11,757,600.00    3.13                       4 22 -                  

Q86UE4 MTDH 725,410.00      5,838,500.00      3.01                       3 14 50

O15355 PPM1G 939,920.00      7,098,600.00      2.92                       8 15 42

P60468 SEC61B 378,580.00      2,694,300.00      2.83                       5 5 35

Q9H6T3 RPAP3 2,000,200.00   12,962,200.00    2.70                       4 13 36

P27348 YWHAQ 814,290.00      4,258,520.00      2.39                       2 5 153

Q3ZCQ8 TIMM50 373,240.00      1,822,390.00      2.29                       5 7 124

Q92522 H1FX 3,011,500.00   13,836,300.00    2.20                       3 8 121

P36873 PPP1CC 882,760.00      4,030,100.00      2.19                       1 3 123

Q76FK4 NOL8 181,660.00      801,750.00         2.14                       3 2 24

P23588 EIF4B 3,451,870.00   14,753,100.00    2.10                       10 15 167

P07355;A6NMY6 ANXA2 11,479,660.00 46,496,100.00    2.02                       18 26 150

P54577 YARS 104,940.00      424,070.00         2.01                       1 3 71  
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Figure 3.18. Mapping the RASSF2-proximal proteome by proximity-based biotin 
labeling (BioID2). 
(A) Schematic for RASSF2-BioID2 fusion protein inserts tested for use in proximity-
based biotin labeling assay. All three inserts were cloned into MSCV-based retroviral 
expression vectors for expression of AML cell lines. (B) Western blot showing 
indicated protein amounts following stable transduction of Kasumi-1 AML cell line 
with vectors indicated. Data are representative of two experiments. (C) Western blot 
showing detection of RASSF2-13xL-BioID2 fusion protein and total biotinylated 
proteins (probed with Streptavidin) following transfection and supplementation with 
50 μM biotin in the culture media for 24 hours. Data are representative of two 
experiments. (D) Western blot showing detection of total biotinylated proteins (probed 
with Streptavidin) following stable transduction and supplementation with 50 μM 
biotin in the culture media for 48 hours. The three independent replicates that were 
submitted for mass spectometry are included. Biotinylated RASSF2-BioID2 fusion 
and MST1/2 bands are indicated. 
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Figure 3.19. Proximity-based biotin labeling identifies RASSF2 endogenous 
interactions with Rho-GTPase related proteins.  
(A) Schematic showing retroviral expression vectors and general assay principle for 
performing proximity-based biotin labeling and identification using an improved biotin 
ligase (BioID2, see Methods). (B) Strategy for performing proximity-based biotin 
labeling in Kasumi-1 t(8;21) cell line. Experiment was performed in three independent 
replicates that were submitted for mass-spectrometric analysis, and 60 unique high-
confidence RASSF2-proximal proteins were identified across three replicates. (C) Bar 
graph showing significantly enriched Gene Ontology (GO) terms associated with the 
RASSF2-specific protein hits identified by proximity-based biotin labeling. 



 

127 
 

 

 
Figure 3.20. RASSF2 interacts with DOCK2 and positively regulates GEF 
activity towards Rac-GTP. 
(A) Western blot showing interaction between HA-DOCK2 and Flag-RASSF2 as 
assessed in HEK293T cell lysates by immunoblotting for HA and Flag following HA-
immunoprecipitation (IP), 36 hours post-transfection with indicated constructs. Inputs 
are shown below. Data are representative of three experiments. (B) Immunoblotting 
for active (GTP-bound) Rac by PAK1 pull-down assay performed in HEK293T cells 
36 hours post-transfection with indicated constructs. Constitutively active RAC1-
Q61L mutant is used as a positive control. Data are representative of four 
experiments. (C) Quantification of experiments described (above) for indicated 
samples. Data are mean +/- s.e.m. of four experiments (individual points). * p < 0.05, 
two-tailed student‟s t-test. 
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Figure 3.21. MST1 stabilizes RASSF2 interaction with DOCK2 and increases 
DOCK2-mediated Rac activation. 
(A) Western blot showing interaction between DOCK2 and Flag-RASSF2 as 
assessed in HEK293T cell lysates by immunoblotting for DOCK2 and Flag following 
DOCK2-immunoprecipitation (IP), 72 hours post-transfection with indicated 
constructs. Inputs are shown below. Data are representative of two experiments. (B) 
Immunoblotting for active (GTP-bound) Rac by PAK1 pull-down assay performed in 
HEK293T cells 72 hours post-transfection with indicated constructs. Data are 
representative of two experiments. 
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3.2.7. RASSF2 is a critical regulator of Rac GTPase activation in acute myeloid 

leukemia 

 We found RASSF2 to be a positive regulator of DOCK2-mediated RAC1 

activation in transient transfection-based biochemical assays. We therefore asked 

what effect RASSF2 perturbation would have on endogenous Rac-GTP abundance 

in myeloid leukemia cells. Strikingly, lentiviral shRNA-mediated knockdown of 

RASSF2 in myeloid leukemia cells was sufficient to profoundly reduce endogenous 

Rac-GTP to ~30% of basal amounts (Figures 3.22A and 3.22B). These results were 

surprising given the critical importance of sustained Rac GTPase activity for leukemia 

cell survival and cell cycle progression165,168, and suggested that non-canonical 

MST1-RASSF2-DOCK2 signaling could play an oncogenic role in the context of 

some AML subtypes. Consistent with this, RASSF2 knockdown using four 

independent shRNAs induced a profound growth defect across several AML cell lines 

with a variety of driver mutations, including MLL/MLLT rearrangements, PML-RARA, 

NPM1, RAS, and FLT3-ITD (Figures 3.23 and 3.24A). RASSF2 knockdown also 

significantly delayed leukemia onset in vivo upon transplantation of human AML cells 

into NSG mice (Figure 3.24B). The RASSF2 knockdown-associated growth defect 

and delay in leukemia onset was the result of impaired cell cycle progression due to 

increased G0/G1 arrest (Figure 3.24C). We also performed transcriptional profiling in 

Rac-dependent THP-1 AML cells following RASSF2 knockdown with two 

independent shRNAs (Figure 3.25A). RASSF2 knockdown profoundly altered the 

global transcriptional signature (Figure 3.25B). Interestingly, gene set enrichment 
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analysis (GSEA)193 revealed RASSF2 knockdown to cause loss of a gene expression 

signature specifically associated with AML patients harboring MLL 

rearrangements194, and gain a gene expression signature defined by expression of 

the t(8;21) oncofusion protein RUNX1-ETO195 (Figure 3.25C). This observation 

further highlights the clinical relevance of a single gene transcriptional repression 

event, as well as signaling through the Rac pathway, to overall AML subtype-specific 

downstream transcriptional output. The most striking enrichments by GSEA analysis 

were for downregulation of numerous cell-cycle associated gene expression 

signatures. These included several E2F-family target gene signatures, quiescent 

hematopoietic stem cell-associated signatures, as well as a strong inverse correlation 

with an Rb loss-of-function signature (Figures 3.26A and 3.26B). Enrichr196 analysis 

further confirmed significant enrichment for E2F transcription factor binding, along 

with binding of other cell cycle regulators (MYC, MAX)  and several components of 

the AP-1 transcription factor complex (JUN, JUND, FOS, ATF1), in proximity to the 

genomic loci of the 978 downregulated genes. These results suggest that RASSF2 

knockdown-mediated inhibition of Rac signaling results in growth arrest through an 

Rb/E2F-dependent pathway in AML197,198. 

 



 

131 
 

 

Figure 3.22. RASSF2 knockdown impairs basal Rac-GTPase activation in AML. 
(A) Immunoblotting for active (GTP-bound) Rac by PAK1 pull-down assay performed 
in two representative AML cell lines four days post-transduction with lentiviral 
shRNAs targeting control sequence (shCTRL) or RASSF2 (shR2#1, shR2#3) as 
indicated. Data are representative of three experiments. (B) Quantification of 
experiments performed in (A). Data are normalized relative to β-Actin protein 
abundance and presented as mean +/- s.e.m. of three experiments. 
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Figure. 3.23. RASSF2 knockdown by four independent shRNAs in AML cells. 
Western blot showing RASSF2 protein following lentiviral shRNA-mediated 
knockdown with two control (shCTRL) and four RASSF2-targeting (shRASSF2) 
sequences in OCI-AML3 cells. Data are representative of two experiments performed 
across multiple AML cell lines as indicated. 
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Figure 3.24. RASSF2 knockdown impairs cell proliferation and causes G0/G1 
cell cycle arrest in AML cells in vitro and in vivo. 
(A) Relative cell proliferation of indicated AML cell lines transduced with lentiviral 
shRNAs targeting two independent control sequences (shCTRL) or four independent 
RASSF2 sequences (shRASSF2) as indicated. Cells were seeded at equal density at 
day 1, which represents four days post-transduction. Data are mean +/- s.e.m. of four 
experiments. (B) Survival analysis of NSG mice transplanted with 1.0 x 106 AML cells 
(OCI-AML3) stably transduced to express lentiviral shRNA vectors as indicated. 
Significance is determined by log-rank (Mantel-Cox) test. (C) Cell cycle analysis in 
human THP-1 cells stably transduced to express lentiviral shRNA vectors as 
indicated. 



 

134 
 

 

Figure 3.25. RASSF2 knockdown profoundly alters the transcriptional 
signatures of AML cells. 
(A) Western blot showing RASSF2 protein in THP-1 cells following lentiviral 
transduction with indicated shRNAs. Data for nine independent replicates (three 
shCTRL, six shRASSF2) that were submitted for RNA-sequencing analysis are 
included. (B) Volcano plot of RNA-sequencing analysis depicting fold-change 
expression and significance for all detected genes in human THP-1 cells with stable 
transduction of two independent RASSF2-targeting shRNAs (shRASSF2, three 
replicates each) compared to control-targeting shRNA (shCTRL, three replicates). 
Significantly changed genes are highlighted (downregulated, blue; upregulated, red). 
(C) Gene-set enrichment plots as indicated derived from gene expression analysis. 
NES, normalized enrichment score, FDR, false discovery rate. 
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Figure 3.26. RASSF2 knockdown-dependent cell cycle arrest is associated with 
an activated Rb signature and inhibited E2F transcription factor activity. 
(A) Gene-set enrichment plots as indicated derived from gene expression analysis. 
NES, normalized enrichment score, FDR, false discovery rate. (B) Heatmap depicting 
row z-scores for THP-1 RNA-sequencing normalized count values for all E2F-target 
genes derived from Gene Set Enrichment Analysis depicted in (A) 
(ISHIDA_E2F_TARGETS). 



 

136 
 

 



 

137 
 

3.2.8. RASSF2 expression predicts sensitivity to small-molecule inhibition of 

DOCK2 GEF activity as a therapeutic strategy in myeloid leukemia 

 Given the importance of sustained Rac activation in numerous leukemia 

subtypes, we hypothesized that this pathway may be amenable to therapeutic 

targeting. To test this, we took advantage of the recently discovered small molecule, 

CPYPP, which binds the catalytic DHR2 domain of DOCK2 and inhibits GEF activity 

towards Rac1 and Rac2199. CPYPP treatment potently reduced Rac-GTP abundance 

in human AML cells (Figure 3.27A). We then assessed dose-response curves 

measuring relative leukemia cell growth with increasing concentrations of CPYPP in 

a panel of 10 human AML cell lines (Figure 3.27B). This panel included seven lines 

with „high‟ RASSF2 transcription (defined by >16 TPM) and three with „low‟ RASSF2 

transcription (defined by <8 TPM), a demarcation that was even more clearly defined 

at the protein level (Figure 3.27B and 3.27C). Remarkably, there was a sharp 

distinction in sensitivity to CPYPP treatment that was defined by the presence or 

absence of RASSF2 (RASSF2-high mean IC50: 5.5 μM, RASSF2-low mean IC50: 24.5 

μM) (Figure 3.27B). RASSF2 expression was a far better predictor of human AML 

cell sensitivity to inhibition of DOCK2 GEF activity than was expression of RAC1, 

RAC2, or DOCK2 (Figure 3.28). We further confirmed the relevance to therapy in 

CD34+ cells isolated from two primary patient AML samples (Figure 3.29A). Both 

AML patients expressed RASSF2 protein and were sensitive to dose-dependent 

growth inhibition by CPYPP treatment (Figure 3.29B). Importantly, the sample 

expressing approximately 50% reduced RASSF2 protein (AML patient 1) was less 
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sensitive to the 15 μM dose of CPYPP treatment, confirming the observations 

observed across AML cell lines. 
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Figure 3.27. CPYPP treatment in panel of AML cell lines with varied expression 
of RASSF2. 
(A) Immunoblotting for active (GTP-bound) Rac by PAK1 pull-down assay in human 
AML cell lines indicated with or without treatment with 12.5 μM CPYPP. Data are 
representative of two experiments. (B) Dose-response curves depicting relative cell 
proliferation (normalized to mock treatment- 0.1% DMSO) with increasing 
concentrations of the small molecule DOCK2 GEF inhibitor, CPYPP. Cells are 
seeded at equal density and proliferation is measured 72 hours following addition of 
inhibitor. Data for a panel of 10 human AML cell lines are shown. RASSF2-High 
(TPM > 16, red), and RASSF2-Low (TPM < 8, blue) expressing cell lines are 
indicated. Data are mean +/- S.D. of three experiments. TPM, transcripts per million. 
(C) Western blot showing endogenous amounts of indicated proteins across a panel 
of nine human AML cell lines. AML cell lines included are: EOL-1 (1), U937 (2), OCI-
AML3 (3), NB-4 (4), THP-1 (5), HEL (6), Kasumi-1 (7), SKNO-1 (8), and K562 (9). 
Data are representative of two experiments. 
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Figure 3.28. RASSF2 expression is the best predictor for sensitivity to small 
molecule inhibition of DOCK2/Rac-GTP in AML cells. 
Correlation plots comparing transcript expression for indicated genes with sensitivity 
to growth inhibition by CPYPP (IC50 values) as measured for the panel of 10 AML cell 
lines. Goodness of fit (R2) values and statistical significance of linear regression 
models are indicated for each gene. TPM, transcripts per million. 
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Figure 3.29. Therapeutic targeting of DOCK2 in primary AML patient cells with 
CPYPP. 
(A) Western blot showing endogenous amounts of indicated proteins from two 
patient-derived AML samples (AMLpt_1 and AMLpt_2) following CD34+ blast 
enrichment. Lysates from CPYPP-sensitive (OCI-AML3), and CPYPP-resistant 
(SKNO-1) cell lines are included for comparison. For AML patient samples, lysates 
from three experiments are pooled. (B) Viable cell number of CD34+ blast-enriched 
AML patient samples. Cells are seeded at equal density and cell number is measured 
48 hours following addition of indicated concentrations of CPYPP. Data are mean +/- 
s.e.m. of three experiments. 
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3.3. Discussion 

 In summary, we provide compelling evidence as to the significance of a single 

gene transcriptional event, RASSF2, in controlling leukemia cell fate and revealing 

dependence on sustained activation of Rac1/2 GTPases by DOCK2. We found 

RASSF2 to function as a tumor suppressor in only one specific subtype of AML with 

t(8;21), while in the majority of AML subtypes RASSF2 knockdown induced profound 

growth defects and cell cycle arrest. These findings highlight the importance of 

transcriptional regulation of RASSF2, and presumably other poorly characterized 

RASSF genes, in human cancer; and demonstrate the ability of this family of non-

enzymatic adaptor proteins to exert control over critical oncogenic signaling 

pathways. 

 In performing this characterization we identify a non-canonical Hippo pathway 

that functions independently of Hippo kinase activity and instead relies on SARAH 

domain-dependent stabilization of RASSF2. Recently, rare families harboring 

homozygous germline inactivating mutations in STK4 (MST1) have been identified 

with clinical presentation of a lethal combined immunodeficiency syndrome75,76. 

Remarkably, there is striking phenotypic overlap between individuals with STK4 

deficiency, and individuals with immunodeficiencies caused by homozygous 

inactivation of the atypical Rac-GEFs, DOCK2 and DOCK8200,201. This is compelling 

functional evidence in humans, which is further supported by modeling in 

mice74,110,202, demonstrating the existence of a non-canonical Hippo pathway in 

hematopoietic cell types. Our data provide the underlying mechanistic basis for this 
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phenomenon, in the form of Hippo-RASSF signaling that converges on regulation of 

GEF activity towards Rac GTPases.  

 Despite longstanding observations that Rac GTPases are critical mediators of 

oncogenic transformation and signaling164,165, therapeutics designed for their 

inhibition have not been effective. Small GTPases, such as Ras and Rac, are 

generally considered to be „undruggable‟ in cancer, due to the general lack of stable 

binding pockets within the proteins and the extremely high binding affinity of the 

nucleotide-binding pocket for GDP/GTP171. Perturbation of GEF activity represents a 

more attractive approach for inhibition of oncogenic small GTPases. Consistent with 

this, another Rac-specific GEF, PREX1, was recently identified by genome-wide 

CRISPR screening as a promising target in AML cells harboring oncogenic Ras 

mutations203. Our data, including that from primary patient cells, demonstrates 

DOCK2 as an important target in leukemia, but only in the context of RASSF2 

expression. Given the recent identification of DOCK2 as a mediator of Rac activation 

and signaling downstream of activating FLT3 mutations204 (~30% AML patients 

harbor FLT3 mutations), DOCK2 likely represents the broadest and most attractive 

therapeutic GEF target in myeloid leukemia patients. The IC50 values measuring 

human AML cell sensitivity to CPYPP treatment here are lower than those previously 

reported to inhibit DOCK2-mediated Rac activation at the T-cell receptor in normal 

murine T-cell populations199, suggesting a viable therapeutic window for DOCK2 

inhibition in human AML. 

 A major difference between the Ras-association (RA) domain of RASSFs and 

other Ras-binding domain (RBD)-containing proteins is that RASSFs contain a 
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unique binding site for the switch II region of small GTPases, leading to a longer-lived 

interaction than traditional effectors205. Although this unique binding site may lend 

itself to the nature of RASSFs as non-catalytic „adaptor‟ proteins, rather than 

traditional catalytic effector proteins, the biological significance of switch II binding 

remains unknown. The vast majority of Rho-family GEFs catalyze guanine nucleotide 

exchange via a Dbl homology (DH) region; while the smaller Dedicator of Cytokinesis 

(DOCK)-family of atypical Rho GEFs catalyze guanine nucleotide exchange via an 

alternate DOCK homology region (DHR2). Interestingly, structural analysis has 

revealed that a fundamental difference in the mechanism of GDP exchange between 

these two families lies within the specific contacts made in the switch II region; in that 

DOCK-family GEFs fail to displace the conserved Alanine-59 residue of small-

GTPases and sterically inhibit Mg2+ binding206,207. Therefore, we speculate that a 

RASSF-mediated conformational change within this switch II region of Rho-GTPases 

may be an essential cooperating step for maximal exchange factor activity of DOCK 

proteins. Transcriptional regulation of RASSF2 therefore reflects the overall cellular 

rate of, and preference for, DOCK2-mediated Rac-GTPase activation. Future studies 

will seek to investigate this mechanism further. 
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3.4. Materials and Methods 

Generation of Viral Supernatant and Transduction 

 For retroviral transduction experiments: Transfections of HEK293T cells were 

conducted by combining 5 μg of MSCV-IRES-GFP/Puro vectors 5 μg of packaging 

vector (pCL-10A1), and 40 μl of polyethylenimine (PEI) in 1 mL of Opti-MEM reduced 

serum medium (Gibco, #31985-070). Approximately 16 hours post-transfection, 

media was aspirated, cells were washed once in PBS, and 6 mL fresh IMDM (Gibco, 

#12440-053) supplemented with 10% fetal bovine serum was added to each plate. 

24 hours following media change, IMDM media containing retroviral particles was 

collected, passed through a 0.45 μm syringe filter, pooled, and supplemented with 

recombinant cytokines mIL-3 (10 ng/mL), hIL-6 (10 ng/mL), and mSCF (20 ng/mL), 

and polybrene (4 μg/mL). For retroviral transduction, HSC-enriched bone-marrow 

mononuclear cells harvested from mice were resuspended in this supplemented 

retroviral supernatant at densities of 2-3 x 106 cells/mL and centrifuged (2,000x g) in 

6-well plates at 32°C for 3 hours (Allegra X-12R centrifuge, Beckman Coulter); 

followed by overnight culture at 37°C. Two consecutive retroviral transductions were 

performed in this manner on subsequent days. Transduction efficiency was 

measured (GFP+ frequency) by flow cytometry the morning following the second 

centrifugation (immediately prior to transplantation into recipient mice). Low retroviral 

titers were utilized, which were typically measured at ~1.5-2% GFP+ following two 

rounds of transduction. 
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 For lentiviral transduction of shRNA constructs: Transfections of HEK293T 

cells were conducted by combining 5 μg of psPAX2, 2.5 μg of pMD2.G, and 3 μg of 

respective pLKO.1-based shRNA vector, and 44 μl of polyethylenimine (PEI) in 1 mL 

of Opti-MEM reduced serum medium (Gibco, #31985-070). Approximately 16 hours 

post-transfection, media was aspirated, cells were washed once in PBS, and 10 mL 

fresh RPMI supplemented with 10% fetal bovine serum was added to each plate. 24 

hours following media change, RPMI media containing lentiviral particles was 

collected, passed through a 0.45 μm syringe filter, pooled, and supplemented with 

polybrene (final working concentration: 4 μg/mL). For lentiviral transduction, THP-1 

cells were resuspended in this supplemented retroviral supernatant at densities of ~ 

0.5 x 106 cells/mL and centrifuged (2,000x g) in 6-well plates at 32°C for 3 hours 

(Allegra X-12R centrifuge, Beckman Coulter); followed by overnight culture at 37°C. 

Two consecutive transductions were performed in this manner on subsequent days. 

24 hours following second transduction cells were resuspended in 1.0 μg/mL 

puromycin, and selected for 72 hours, at which point viable drug-resistant cells were 

enriched via FICOLL gradient. Post-selection cells were maintained in growth media 

supplemented with 0.5 μg/mL puromycin. 

 

siRNA Nucleofection 

 RUNX1-ETO and control-targeting double stranded siRNAs were synthesized 

and purchased from GE Dharmacon (Lafayette, CO). Lyophilized siRNAs were 

resuspended in siRNA buffer (20 mM KCl, 6 mM HEPES pH 7.5, 0.02 mM MgCl). 

Nucleofections were performed by addition of 2 μL siRNA to 100 μL cells (1.5 x 
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107/mL) in Amaxa buffer V using program P-019 in an Amaxa nucleofector according 

to manufacturer‟s protocols (Lonza, Cologne, Germany). 

 siRUNX1-ETO (sense strand): 

5‟-CCUCGAAAUCGUACUGAGAAG-3‟ 

Non-targeting siCTRL (sense strand): 

5‟-CGUACGCGGAAUACUUCGATT-3‟ 

 

Serial Replating / Colony Formation Assay 

 Transfections of HEK293T cells were conducted by combining 2.5 μg of 

MSCV-PGK-NeoR or MSCV-RUNX1-ETO-PGK-NeoR retroviral expression vector, 2.5 

μg of MSCV-IRES-PuroR or MSCV-Rassf2-IRES- PuroR (and variants),  5 μg of 

ecotropic packaging vector (plK6.1-MCV.ecopac.UTd), and 40 μl of polyethylenimine 

(PEI) in 1 mL of Opti-MEM reduced serum medium (Gibco, #31985-070). 

Approximately 16 hours post-transfection, media was aspirated, cells were washed 

once in PBS, and 6 mL fresh IMDM (Gibco, #12440-053) supplemented with 10% 

fetal bovine serum was added to each plate. 24 hours following media change, IMDM 

media containing retroviral particles was collected, passed through a 0.45 μm syringe 

filter, pooled, and supplemented with recombinant cytokines mIL-3 (10 ng/mL), hIL-6 

(10 ng/mL), and mSCF (20 ng/mL), and polybrene (4 μg/mL). For retroviral 

transduction, total murine bone marrow mononuclear cells were resuspended in this 

supplemented retroviral supernatant at densities of ~4 x 106 cells/mL and centrifuged 

(2,000x g) in 6-well plates at 32°C for 3 hours (Allegra X-12R centrifuge, Beckman 

Coulter); followed by overnight culture at 37°C. Two consecutive retroviral 
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transductions were performed in this manner on subsequent days. For initial drug 

selection, 5 x 105 cells were plated per 2 mL of murine cytokine-supplemented 

methylcellulose culture media (MethoCult GF M3534, Stem Cell Technologies, 

Vancouver, Canada) containing 0.5 μg / mL puromycin and 0.25 mg/mL G418. After 

one week of selection, replating is performed by resuspension of methylcellulose-

embedded colonies in IMDM, followed by plating of 10,000 cells per 2 mL of murine 

cytokine-supplemented methylcellulose (MethoCult GF M3534) plate. Colony counts 

therefore represent number of colonies per 10,000 cells plated. Only colonies 

containing at least 50 cells were scored as colonies. Colonies were counted and 

replated in this manner weekly for up to six weeks. 

 

RUNX1-ETO9a / Rassf2 Primary Leukemia Model 

 Transfections of HEK293T cells were conducted by combining 2.5 μg of 

MSCV-IRES-GFP or MSCV-RUNX1-ETO9a-IRES-GFP retroviral expression vector, 

2.5 μg of MSCV-IRES-tdTomato or MSCV-Rassf2-IRES-tdTomato,  5 μg of ecotropic 

packaging vector (plK6.1-MCV.ecopac.UTd), and 40 μl of polyethylenimine (PEI) in 1 

mL of Opti-MEM reduced serum medium (Gibco, #31985-070). Approximately 16 

hours post-transfection, media was aspirated, cells were washed once in PBS, and 6 

mL fresh IMDM (Gibco, #12440-053) supplemented with 10% fetal bovine serum was 

added to each plate. 24 hours following media change, IMDM media containing 

retroviral particles was collected, passed through a 0.45 μm syringe filter, pooled, 

and supplemented with recombinant cytokines mIL-3 (10 ng/mL), hIL-6 (10 ng/mL), 

and mSCF (20 ng/mL), and polybrene (4 μg/mL). For retroviral transduction, primary 
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murine fetal liver cells were resuspended in this supplemented retroviral supernatant 

at densities of 2-3 x 106 cells/mL and centrifuged (2,000x g) in 6-well plates at 32°C 

for 3 hours (Allegra X-12R centrifuge, Beckman Coulter); followed by overnight 

culture at 37°C. Two consecutive retroviral transductions were performed in this 

manner on subsequent days. Transduction efficiencies were measured (GFP+ and 

tdTomato+ frequencies) by flow cytometry the morning following the second 

centrifugation. Transduced cell populations were flow sorted and then pooled with 

untransduced „helper‟ fetal liver cells at a ratio of 1:6. For the primary leukemia 

model, approximately 150,000 total cells per mouse were then transplanted into 

lethally-irradiated (9.5 Gy) recipients and leukemia was monitored over time in 

recipients. 

 

Peripheral Blood Collection and Analysis 

 Peripheral blood samples (approximately 100 μl per mouse) were collected in 

EDTA-coated microvettes (Fisher Scientific, # NC9299309) by submandibular 

venipuncture using 5 mm animal lancets (Braintree Scientific, #GR5MM). Analysis of 

differential blood cell counts and parameters was performed using a Scil Vet abc 

Plus+ instrument (Henry Schein Animal Health). Instrument was regularly calibrated 

and maintained according to manufacturer‟s instructions. Fluorescent cell frequencies 

in peripheral blood samples were measured by flow cytometry via dilution of 

peripheral blood samples in ACK buffer for 5 minutes, followed by washing once in 1 

mL PBS, and resuspension in 350 μl of PBS prior to flow cytometric analysis. Non-

viable cells were excluded from analysis via addition of propidium iodide (PI). 
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qPCR Analysis 

 Cell lysis and RNA isolation were performed using Trizol reagent 

(ThermoFisher Scientific, #15596026) according to manufacturer‟s instructions. 

cDNA was prepared from 0.5 – 1 μg RNA using qScript cDNA Supermix (Quanta, 

#95048) according to manufacturer‟s protocol. Quantitative PCR was performed 

using KAPA SYBR Fast 2X Master Mix (KAPA Biosystems, #KK4618) according to 

manufacturer‟s protocol, in 20 μl reactions, each performed in technical duplicates. 

qPCR reactions were performed using a BioRad CFX Connect instrument. Data 

analysis was performed using a standard delta-delta Ct method relative to the 

geometric-mean of two reference genes, GAPDH and POLR2A. 

 

Apoptosis Measurement 

 Apoptotic cell death was monitored by flow cytometry using the APC Annexin 

V apoptosis kit with 7-AAD (BioLegend, San Diego, CA) as described by 

manufacturer‟s protocol. 

 

Cell Proliferation Measurement 

 Relative cell proliferation was measured by daily manual counting using a 

hemocytometer, with trypan-blue (Sigma, St. Louis, MO) staining to exclude dead 

cells. 

 

Western Blotting and Co-Immunoprecipitation 
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 Samples were lysed in ice-cold NP-40 lysis buffer (50 mM Tris pH 8.0, 150 

mM NaCl, 1% NP-40) supplemented with protease inhibitor (Roche, #11873580001) 

and phosphatase inhibitor (Roche, #4906845001). Lysates were cleared by 

centrifugation at 11,000 xg for 10 minutes at 4°C, and denatured in 2x loading buffer 

(0.125 M Tris-HCl pH 6.8, 4% SDS, 10% β-mercaptoethanol, 20% glycerol, 0.004% 

bromophenol blue). For co-immunoprecipitation experiments approximately 500 μg 

lysate was combined with 40 μl of anti-Flag M2 agarose beads (Sigma #M8823, St. 

Louis, MO), anti-HA beads (Fisher Scientific # 22-037-959, Waltham, MA) and 

incubated at  4°C with rotating overnight. For DOCK2 protein pull-down experiments 

without using tag, lysates were first pre-cleared by incubation with 40 μl protein G-

sepharose bead slurry (Invitrogen, Carlsbad, CA) for one hour with rotating at  4°C, 

followed by washing and then combining 500 μg cell lysates with protein G-

sepharose bead slurry and 2 μg monoclonal DOCK2 (E-7) antibody (Santa Cruz 

Biotechnology, Dallas, TX). The following morning beads were washed 4x with ice-

cold NP-40 lysis buffer via centrifugation at 11,000 xg. Washed beads were then 

resuspended in 60 μl 2x loading buffer and denatured prior to loading. 

Immunoblotting was performed using the Li-Cor Odyssey infrared imaging 

instrument. Post-acquisition image analysis and cropping was performed using Li-Cor 

Image Studio Lite (V 5.2.5) software. 

 

PAK1-based Pull-down Assay for Active Rac-GTP Measurement 

 Rac1 GTPase Activation Assay (Cell Biolabs # STA-401-1, San Diego, CA) 

was performed essentially as described by manufacturer‟s instructions. Briefly, 
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lysates from approximately 6 x 106 cells were prepared as described above but with 

1X GTPase assay/lysis buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 1% NP-40, 10 

mM MgCl2, 1 mM EDTA, 2% Glycerol). After clearing, 5% of cell lysates were 

separated and denatured in 2X loading buffer for use as input protein measurements. 

For pull-down, remaining cell lysates were combined with 36 μL PAK1 PBD agarose 

beads (#STA-411) and incubated at  4°C with rotating either for 3 hours (human AML 

cell lines) or overnight (HEK293T cells). Following this, beads were washed 3x with 

ice-cold 1X Assay/Lysis buffer via centrifugation at 11,000 xg. Washed beads were 

then resuspended in 50 μl 2x loading buffer and denatured prior to loading. 

Immunoblotting was performed using the Li-Cor Odyssey infrared imaging 

instrument. Post-acquisition image analysis and cropping was performed using Li-Cor 

Image Studio Lite (V 5.2.5) software. For measuring Rac-GTP in cells, pan-Rac 

antibody (see Antibody section), rather than anti-Rac1 monoclonal antibody provided 

by kit was used. Positive and negative assay controls using 100X GTPγS and 100X 

GDP were performed in parallel using excess cell lysates. 

 

Proximity-based Biotin Labeling and Protein Identification 

 Proximity-based biotin labeling for identification of proximal proteins using the 

BioID2-based methods and vectors was performed essentially as described in Roux, 

et al.190  

 

RNA-seq Analysis 
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 Cell lysis and RNA isolation were performed using Trizol reagent 

(ThermoFisher Scientific, #15596026) according to manufacturer‟s instructions, 

isolated RNA was aliquoted and stored at -80 °C. Library preparation and sequencing 

were performed by Novogene (Sacramento, CA). Post-QC, mRNA from eukaryotic 

organisms is enriched using oligo(dT) beads. For prokaryotic samples, rRNA is 

removed using the Ribo-Zero kit that leaves the mRNA. First, the mRNA is 

fragmented randomly by adding fragmentation buffer, then the cDNA is synthesized 

by using mRNA template and random hexamers primer, after which a custom 

second-strand synthesis buffer (Illumina) , dNTPs, RNase H and DNA polymerase I 

are added to initiate the second-strand synthesis. Second, after a series of terminal 

repair, ligation and sequencing adaptor ligation, the double-stranded cDNA library is 

completed through size selection and PCR enrichment. The qualified libraries are fed 

into HiSeq/MiSeq sequencers after pooling according to its effective concentration 

and expected data volume. Differential expression analysis was conducted by 

established methods using HISAT2 for human genome alignment (hg38), followed by 

featureCounts and DESeq2 for differential gene expression analysis.  

 

AML Xenografts 

 NSG mice were sub-lethally irradiated with a dose of 2.5 Gy approximately 6 

hours prior to transplantation with indicated human AML cell lines. AML cells stably 

transduced with indicated lentiviral shRNA vectors were pelleted, washed once in 

cold PBS and resuspended at a density of 0.5 x 107 cells / mL in PBS. 1.0 x 106 cells 

(200 μL) were transplanted per mouse (n = 4 or 5 mice each group, per experiment). 
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Mice were regularly monitored and were euthanized upon signs of AML burden, 

including hind-leg paralysis, lethargy, and hunched posture. AML development in cell 

line xenograft models was independently verified by flow cytometric assessment of 

human CD45 cell frequencies in bone marrow and spleen at time of euthanasia in an 

independent cohort of mice. 

 

Cell Cycle Analysis 

 Cell cycle in cultured AML cell lines was first synchronized via serum 

starvation for 24 hours (culture media supplemented with 0.2% FBS), followed by re-

stimulation with serum (normal culture media supplemented with 10% FBS) for 24 

hours. Cycling cells were pelleted, washed once in cold PBS, and resuspended in 

ice-cold 70% ethanol / 30% PBS, and stored at -20 °C until staining. Fixed cells were 

then washed twice in PBS, and resuspended in PBS with 0.5 mg/mL RNaseA (Fisher 

Scientific, Waltham, MA) and 0.05 mg/mL propidium iodide (PI). DNA content was 

then assessed via flow cytometry detection of PI fluorescent intensity using a linear 

fluorescent axis. Cell cycle stage quantification was performed using FlowJo (FlowJo, 

LLC) software.  

 

Gene Ontology Analysis 

 Gene ontology analysis was performed using Metascape. Gene list of 

RASSF2-specific protein hits was uploaded and compared against full human 

genome list. 
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CPYPP Inhibitor Treatment 

 4-[3-(2-Chlorophenyl)-2-propen-1-ylidene]-1-phenyl-3,5-pyrazolidinedione 

(CPYPP) was purchased from Tocris Biosciences (#4568, Bristol, UK). Stock solution 

was prepared via resuspension in DMSO at a concentration of 10 mM. Stock solution 

was subsequently diluted in RPMI culture media for experiments involving treatment 

against AML cells. 

 

Human CD34+ Cell Isolation 

 Human CD34+ cell isolation was performed using human CD34 Microbead Kit 

(Miltenyi Biotec, Gladbach, Germany) according to manufacturer‟s protocol. Frozen 

primary patient samples were briefly thawed in PBS supplemented with DNase I (1 

mg/mL) prior to performing FICOLL gradient separation to obtain a suspension of 

viable mononuclear cells. Live mononuclear cells were washed in cold PBS, then 

resuspended in MACS buffer (Miltenyi Biotec) before proceeding with CD34 isolation 

procedure. 

 

Bone Marrow Mononuclear Cell Collection 

 Bone marrow cells were harvested by flushing two femurs and two tibias per 

mouse with ice cold PBS using disposable syringes with 21-gauge needles. 

Splenocytes were harvested by physical tissue disruption and repeated pipetting in 

ice cold PBS.  Red cell lysis was performed by resuspending cell mixture in ice cold 

ACK buffer (0.1 mM Na2EDTA, 10 mM KHCO3, 150 mM NH4Cl) for 5 minutes, 

followed by washing with ice cold PBS and passage through a 40 μM cell strainer to 
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eliminate large tissue/cell clumps and debris. For short-term culture and retroviral 

transduction/transplantation experiments, hematopoietic cells were resuspended in 

IMDM supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, 

recombinant mIL-3 (10 ng/mL), hIL-6 (10 ng/mL), and mSCF (20 ng/mL). Where 

applicable, mouse lineage-negative (Lin-) cells were isolated according to 

manufacturer‟s instructions using mouse Lineage Cell Depletion Kit (Miltenyi Biotec, 

#130-090-858), and enrichment efficiency was verified via flow cytometry. 

 

Flow Cytometry and Cell Sorting 

 Flow cytometric analysis was conducted using a BD FACSCanto instrument 

equipped with standard lasers (488 nm, 640 nm) and filters. Data collection was 

performed using BD FACSDiva software. Compensation was set up using 

appropriate single-stained controls and positive-staining gates were established 

using appropriate FMO controls. Post-acquisition data analysis was performed using 

FlowJo software (FlowJo, LLC). Flow sorting of bone-marrow mononuclear cells was 

performed on a FACSAriaII equipped with standard lasers (405 nm, 488 nm, 640 nm) 

and filters, and using a nozzle size of 85 μm. Stainings were conducted in PBS 

supplemented with 0.1% bovine serum albumin. Antibody validation and optimal 

antibody concentrations for stainings were pre-determined via titration. 

 

Cell Lines 

 Human AML cell lines Kasumi-1, SKNO-1, THP-1, EoL-1, MV4-11, U937, NB-

4, K562, HEL, and HEK293T cells were purchased from ATCC and maintained as 
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low passage stocks in the lab. MOLM-13 AML cell line was kindly provided by 

Leighton H. Grimes (Cincinnati Children‟s Hospital, Cincinnati, OH). OCI-AML3 AML 

cell line was kindly provided by Suming Huang (University of Florida, Gainesville, FL). 

 

Mice 

 All animal protocols were approved by the UCSD Institutional Animal Care and 

Use Committee (IACUC). Mice were housed in standard conditions with up to 5 mice 

per cage, fed standard chow, and monitored in accordance with IACUC guidelines. 

C57BL/6J (stock # 000664) mice were obtained from The Jackson Lab and 

maintained in our animal facility for more than 10 generations. Vav1-Cre (stock # 

008610)138 transgenic mice were obtained from The Jackson Lab and maintained as 

hemizygotes in our animal facility for more than 10 generations. NOD.Cg-

PrkdcscidIl2rgtm1Wjl/SzJ („NSG‟) mice were obtained from The Jackson Lab (stock # 

005557) and maintained in our animal facility for short-term experiments. Stk4- and 

Stk3- floxed mice (stock # 017635)140 were obtained from The Jackson Lab and 

maintained as homozygotes for floxed alleles in our animal facility. Stk4- and Stk3-

floxed mice were crossed into Cre strains as described. To control for any potential 

genetic background effects, all mice (or mouse-derived hematopoietic cells used for 

transplantations) were analyzed in groups with littermates of the same generation of 

backcross into respective Cre strains.  Genotyping for floxed alleles and Cre 

transgenes was conducted as described on The Jackson Lab website for each 

respective strain. 
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Antibodies 

 Antibodies used in this study are indicated as follows: Human/Mouse RASSF2 

(R&D Systems, #AF5639), MST1 (Cell Signaling, #3682), MST2 (Cell Signaling, 

#3952), Phospho-MOB1 (Thr35) (Cell Signaling, #8699), MOB1 (E1N9D) (Cell 

Signaling, #13730), Phospho-LATS1 (Thr1079) (Cell Signaling, #8654), Phospho-

LATS1 (Ser909) (Cell Signaling, #9157), LATS1 (C66B5) (Cell Signaling, #3477), 

DOCK2 (E-7) (Santa Cruz, #sc-365242), Rac1/2/3 (Cell Signaling, #2465), Phospho-

p44/42 (ERK1/2) (Thr202/Tyr204) (D13.14.4E) (Cell Signaling, #4370), p44/42 MAPK 

(ERK1/2) (Cell Signaling, #9102), Phospho-AKT (Ser473) (Cell Signaling, #4060), 

AKT (Cell Signaling, #9272), Monoclonal Anti-Flag M2 (Sigma, #F3165), Monoclonal 

Anti-HA (HA-7) (Sigma, #H9658), β-Actin clone AC-15 (Millipore Sigma, #A1978), 

Alpha-Tubulin (DSHB, #12G10), Lamin B1 (B-10) (Santa Cruz, #sc-374015), IRDye 

800CW anti-mouse IgG, IRDye 800CW anti-rabbit IgG, IRDye 800CW anti-goat IgG, 

IRDye 680LT anti-mouse IgG, IRDye 680LT anti-rabbit IgG, IRDye 680LT anti-goat 

IgG (Li-Cor). 

  

Statistical Analysis 

 Statistical analyses were conducted using GraphPad Prism (V 7.0) software. 

Individual statistical tests used for data analysis are indicated in figure legends. All 

data are displayed as mean (bar graph, horizontal line, or point) with error bars 

always representing S.E.M. All student‟s t-tests are conducted as two-tailed tests. 

Statistical significance in figures is displayed as follows: * = p < 0.05, ** = p < 0.01, 

*** = p < 0.001. In some cases, where p values are close to reaching a statistical 
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significance threshold, exact values are displayed in figure panels. Where applicable, 

mouse sample sizes for measurement of various blood parameters were determined 

based on a minimal meaningful effect size of one standard deviation from a 

distribution of healthy wild-type control mice, assuming power = 0.9 and α = 0.05. 

 Chapter 3, in part, is being prepared for submission for publication by: Stoner 

SA, Liu K, Andrews ET, Davis AG, Arimoto K, Yan M, and Zhang DE. The 

dissertation author is the primary investigator and author of the manuscript. 
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