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Abstract 
 
The Philadelphia 9;22 chromosome translocation has two common isoforms that are preferentially associated with 
distinct subtypes of leukemia. The p210 variant is the hallmark of chronic myeloid leukemia (CML) whereas p190 is 
frequently associated with B-cell acute lymphoblastic leukemia. The only sequence difference between the two isoforms 
is the guanidine exchange factor domain. This guanidine exchange factor is reported to activate RHO family GTPases in 
response to diverse extracellular stimuli. It is not clear whether and, if so, how RHOA contributes to progression of p210 
CML. Here we show that knockout of RHOA in the K562 and KU812, p210-expressing cell lines leads to suppression of 
leukemogenesis in animal models in vivo. RNA-sequencing analysis of the mock control and null cells demonstrated a 
distinct change in the gene expression profile as a result of RHOA deletion, with significant downregulation of genes 
involved in cell activation and cell adhesion. Cellular analysis revealed that RHOA knockout leads to impaired cell 
adhesion and migration and, most importantly, the homing ability of leukemia cells to the bone marrow, which may be 
responsible for the attenuated leukemia progression. We also identified IGFBP2 as an important downstream target of 
RHOA. Further mechanistic investigation showed that RHOA activation leads to relocation of the serum response factor 
(SRF) into the nucleus, where it directly activates IGFBP2. Knockout of IGFBP2 in CML cells suppressed cell 
adhesion/invasion, as well as leukemogenesis in vivo. This elevated IGFBP2 expression was confirmed in primary CML 
samples. Thus, we demonstrate one mechanism whereby the RHOA-SRF-IGFBP2 signaling axis contributes to the 
development of leukemia in cells expressing the p210 BCR-ABL1 fusion kinase.  
 

Introduction 
RHOA is a member of the large family of small GTPases 
which have diverse functions throughout biology.1 Binding 
to GDP represents an inactive conformation and activation 
is achieved through exchange with GTP. The transition be-
tween inactive and active forms is facilitated through 
binding to a guanidine exchange factor (GEF) motif, which 
is present in an equally diverse set of proteins.1 Activated 
GTPases serve as signaling intermediates from a variety 
of external stimuli to downstream effectors.2 RHOA has 
been most consistently implicated in cell movement 
through the association with actin cytoskeleton 
dynamics.3 Because of the central role of actin dynamics 
in the development and progression of cancer, RHOA has 
been implicated in invasion and metastasis as well as dif-

ferentiation of stem cells.4,5 RHOA has also been sug-
gested to play a central role in cancer development, in 
which it has been implicated as both a tumor suppressor 
as well as an oncogene.6,7 Early studies involved transfec-
tion into normal fibroblasts which led to transformation,8 
suggesting an oncogenic role. However, extensive studies 
involving a wide range of solid tumors failed to demon-
strate consistent amplifications or mutations,7 question-
ing the role of RHOA as an oncogene. In contrast, studies 
in subtypes of T-cell lymphomas identified consistent 
mutations, some of which appear to be activating events 
and hence tumor promoting.9-11 Overall, it appears that the 
involvement of RHOA in cancer progression may be de-
pendent on the type of cancer cell. Indeed, we recently 
demonstrated a critical role for RHOA in the development 
of BCR-FGFR1-driven leukemias and lymphomas through 
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an interaction with the GEF domain in the BCR component 
of the fusion kinase.12 In this study, deletion of the GEF do-
main led to a more aggressive development of leukemia, 
suggesting RHOA activation plays a suppressive role in this 
model of B-cell acute lymphoblastic leukemia. The same 
GEF domain is present in the BCR-ABL1 fusion kinase as-
sociated with the Philadelphia, 9;22 chromosome transloca-
tion (Ph), which is present consistently in a subtype of 
chronic myelogenous leukemia (CML).13 Both Ph+ CML and 
the FGFR1-driven stem cell leukemia/lymphoma syndrome 
are considered to be derived from hematopoietic stem cells 
and share many similarities but how RHOA contributes to 
the development of BCR-ABL1-driven CML is not clear. 
The Ph 9;22 chromosome translocation results in the cre-
ation of a constitutively active chimeric BCR-ABL1 kinase 
that has two different variants depending on the position 
of the breakpoint on chromosome 9.14,15 The p210 isoform, 
which retains the BCR GEF domain and hence activates 
RHOA, is seen in ~95% cases of CML, which is a relatively 
benign leukemia.16 The p190 isoform is rarely seen in CML 
but is present in over 70% of cases of Ph+ B-cell acute lym-
phoblastic leukemia, which is an acute leukemia and has a 
far worse prognosis.17 In mouse models, p210 expression 
gives rise to a slowly progressing disease but when p190 is 
expressed, there is a short latency and acute development 
of B-cell leukemia.18,19 Cell line transformation assays re-
vealed that the GEF domain of p210 BCR-ABL1 activates 
RHOA and contributes to the transformed phenotype.20 
Whether and, if so, how this GEF domain-regulated RHOA 
signaling contributes to CML progression remains elusive. 
In this study, we demonstrate that the deletion of RHOA in 
p210-expressing CML cells leads to suppression of leuke-
mogenesis in vivo, suggesting that RHOA is important for the 
development and progression of Ph+ CML. RNA-sequencing 
analysis of mock control (MC) and RHOA knockout (KO) K562 
cells identified IGFBP2 as a primary target of RHOA and has 
been implicated in both cell adhesion and activation. Analy-
sis of gene expression data from human primary CML dem-
onstrated the same high level of IGFBP2 expression as that 
in normal donors. Loss of RHOA prevents activation and 
subcellular relocalization of the serum response factor 
(SRF) which, as a result, leads to downregulation of the 
IGFBP2 gene. Downregulation of the SRF-IGFBP2 axis sig-
naling cascade leads to suppression of cell adhesion and 
migration in CML cells and a decreased ability of the cells 
to home to the bone marrow. These studies suggest an on-
cogenic role for RHOA in the development of p210 BCR-
ABL1-driven CML. 

Methods 
Cell and molecular studies  
Cell proliferation was assessed using trypan blue exclusion 

assays and cell viability was measured using the CellTiter 
Glo assay, western blotting, plasmid transfection, and 
quantitative reverse transcriptase polymerase chain reac-
tion (RT-PCR), following standard procedures that have 
been described previously.21,22 A summary of the antibodies 
used can be found in the Online Supplementary Methods. 
Luciferase assays were performed as described previously.23 

CRISPR/Cas9 knockout  
Single-guide RNA used for locus-specific deletion of RHOA 
in CML cells were designed using CRISPR Targets Track on 
Genome Browser24 and are described in the Online Supple-
mentary Methods. Virus packing and single clone selection 
were performed as described previously.25 

In vivo studies  
All animal experiments were performed under an approved 
protocol from the Augusta University Institutional Animal 
Care and Use Committee. Unless specified, 5×106 cells were 
injected into the tail veins of 6- to 8-week-old female im-
mune deficient NSG mice. Engraftment of luciferase-ex-
pressing leukemia cells in the host mice was determined 
using the Caliper IVIS imaging systems as described pre-
viously.26 Homing studies were performed by flow analysis 
of GFP+ cells in the bone marrow cells from mice implanted 
16 hours previously with various cell types.27 

Cell adhesion and migration assays  
Cell adhesion and migration assays were performed as de-
scribed previously.27 For the IGFBP2 rescue experiment, 100 
ng/mL recombinant human IGFBP2 protein (R&D Systems, 
#674-B2-025) were added to the growth medium prior to 
the cell adhesion and migration assays. 

Chromatin immunoprecipitation quantitative polymerase 
chain reaction 
Chromatin immunoprecipitation (ChIP) assays were per-
formed using a ChIP assay kit (Millipore) as described pre-
viously.23 In brief, chromatin was cross-linked with 1% 
formaldehyde for 10 min at room temperature, sheared to 
an average size of ~500 bp and then immunoprecipitated 
with an anti-SRF antibody (Cell Signaling, #5147). Details of 
the ChIP-quantitative polymerase chain reaction (qPCR) 
primers used are provided in the Online Supplementary 
Methods. Each immunoprecipitated DNA sample was 
quantified using qPCR and all ChIP-qPCR signals at the 
IGFBP2 locus were normalized to an IgG control to calculate 
relative fold enrichment.  

Protein subcellular localization assay  
For western blot assays, cytoplasmic and nuclear com-
ponents were isolated using the NE-PER nuclear and 
cytoplasmic extraction reagents (Thermo Scientific). For 
confocal microscopy, cells were first probed with an anti-
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SRF antibody (Cell Signaling, #5147), then visualized with 
Alexa Fluor 488 goat anti-rabbit IgG secondary antibody 
(Abcam, ab150077). 

RNA sequencing and analysis  
Two MC clones and the RHOA KO C8 and C9 clones gen-
erated from K562 cells were harvested for RNA-sequenc-
ing analysis. Preparation of RNA, sequence analysis and 
gene set enrichment analysis were performed as de-
scribed previously.28  

Statistical analyses  
All statistical analyses were performed using the Student 
t test to determine whether the means of two datasets 
were significantly different from each other. Error bars 
represent standard deviations. Unless otherwise stated, 
in vitro assays were repeated in triplicate and in vivo ex-
periments involved cohorts of five mice. Kaplan-Meier 
statistical approaches were used to analyze differences 
in survival between different cohorts of mice. 

Results 
RHOA knockout in BCR-ABL1-positive chronic myeloid 
leukemia cells has only a mild effect on cell 
proliferation/survival 
In Ph+ leukemia, there are two major variants of the 9;22 
translocation which generate either p190 or p210 variant 
proteins depending on the position of the translocation 
breakpoint.13 p210 is the hallmark of CML, whereas p190 
occurs in the majority (70%) of cases of Ph+ B-cell acute 
lymphoblastic leukemia.17 The only sequence difference 
between p210 and p190 is the inclusion of the tandem 
double-homology, pleckstrin homology (DH-PH) domains 
in p210 which provide a GEF domain for activation of the 
RHOA GTPase, suggesting its potential contribution in the 
development of CML. Our recent study of the BCR-FGFR1 
fusion kinase in stem cell leukemia/lymphoma syndrome 
demonstrated a role for the GEF domain in the BCR com-
ponent of the chimeric kinase in activating RHOA and in-
fluencing leukemia progression.12 To obtain a better 
understanding of the role of RHOA in the development of 
Ph+ CML, we created knockdown clones from two human, 
p210-expressing cell lines, K562 and KU812,29 using a 
double targeting CRISPR-Cas9 approach (Figure 1A). Both 
cell lines were first transduced with pCDH-CMV-Nluc-
P2A-copGFP-T2A-Puro to co-express luciferase and GFP, 
and then transduced with lentiCRISPR v2 and both the 
sgRNA and Cas9 to generate the KO cell clones. Using this 
strategy, exons 2-4 were deleted and a series of RHOA null 
clones were identified using western blotting (Figure 1B). 
For further analysis, clones C8 and C9 were randomly se-
lected from K562 and cell proliferation assays showed 

only small differences between the KO clones and the MC 
cells (Figure 1C, left). CellTiter Glo assays did not reveal 
any profound differences in cell survival between the MC 
and KO cells (Figure 1C, right). Similarly, RHOA was 
knocked out in KU812 cells and KO clones C7 and C15 also 
showed only marginal differences in cell proliferation or 
viability between the KO clones and the MC cell (Figure 
1D, E). These observations demonstrate that RHOA has a 
relatively limited effect on BCR-ABL1-driven CML growth 
and survival. 

RHOA knockout suppresses leukemogenesis in vivo 
When 1×106 K562 KO C8 or C9 cells were xenografted into 
immune-compromised NSG mice, Kaplan-Meier analysis 
showed no mortality over a 150-day observation period, 
compared with the MC xenografted mice which all died 
within 56 days (Figure 2A). When the inoculated dose was 
increased to 5×106 cells/mouse, although the median sur-
vival in the MC-cell group decreased from 52 days to 35 
days, leukemia-free survival in the RHOA KO cell-engrafted 
mice was the same. Similarly, RHOA KO clones C7 and C15 
from KU812 had a dramatic impact on survival compared 
with the MC cells. Although one mouse in the KO C7 cell-
engrafted cohort died late in the observation period, there 
was no evidences of leukemia at autopsy. Luminescence 
imaging of the xenografted animals using cells retrofitted 
to express luciferase showed extensive development of 
leukemia in the MC-cell-engrafted mice compared to the 
RHOA KO-cell-engrafted groups from both cell lines (Fig-
ure 2C, D). Quantitation of the luminescence signal in the 
mice as well as white blood cell counts also reflected the 
distinct disease progression in these mice (Figure 2C, D). 
Thus, while RHOA does not appear to dramatically affect 
cell proliferation or survival in this system, it has a pro-
found effect on leukemogenesis in vivo. 

RHOA knockout reduces expression levels of genes 
related to cell adhesion and activation 
To investigate how RHOA expression might affect CML 
progression, we analyzed the underlying molecular effects 
of RHOA using RNA sequencing in a gene expression com-
parison between K562 MC cells and the two individual KO 
C8 and C9 clones (Figure 3A). Gene set enrichment analy-
sis of the differentially expressed genes identified changes 
in major biological functions which included both cell ac-
tivation and cell adhesion. Heatmap plots clearly show 
that most of the implicated genes were downregulated as 
a result of RHOA knockout (Figure 3B). RT-PCR analysis of 
a subset of genes in these groups (Figure 4A) confirmed 
the downregulation of IGFBP2, ASS1, IL20RB, ERBB3, 
MS4A3, CD24 ENPP3 and RNASET2 and upregulation of 
HSP90AA1 and SPTA1. The same changes in relative gene 
expression levels seen in the K562 KO cells were also 
seen in the RHOA KO cells derived from KU812 cells using 
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quantitative RT-PCR. The reduced gene expression levels 
seen following RHOA depletion were further confirmed 
at the protein level using western blotting (Figure 4B). 
In both cell lines, IGFBP2 was the most highly down-
regulated gene, suggesting an important role for this 
gene in the regulation of leukemogenesis. 
While a role for RHOA in leukemogenesis was suggested 
from the findings of the knockout studies, these were 
performed in highly evolved cell lines. The question 
therefore arises whether RHOA activation influences pri-
mary human CML development. To address this issue, 
we analyzed the GSE 47927 gene expression dataset 
that was derived from human CML patients’ samples 
(n=52) compared with cells from normal donor samples 
(n=15). Within the CML cases the samples were further 
analyzed by isolating various stem/progenitor cells from 
these leukemias. These included hematopoietic stem 
cells, common myeloid progenitors, granulocyte mono-

cytic progenitors and megakaryocyte erythroid progen-
itors. Since we have shown that functional RHOA acti-
vates IGFBP2 expression, we further analyzed the 
expression of IGFBP2 in the various subpopulations of 
cells as a surrogate for RHOA activation. There was a sig-
nificant increase in expression levels in the overall leu-
kemic cell population (Figure 4C). Within the subgroups, 
highly significant increases were seen in the hemato-
poietic stem cells with less significant increases in the 
common myeloid progenitors and megakaryocyte ery-
throid progenitors. There was no difference in the gra-
nulocyte monocytic progenitor population. Although 
cytogenetic findings were not reported for the CML 
cases, since 95% of CML carry the p210 rearrangement, 
these data suggest that in human CML, RHOA activated 
by p210 upregulates expression of IGFBP2 and con-
tributes to CML progression, as observed in our cell line 
models. 

Figure 1. Generation of RHOA knockout clones and the effect of knockout on cell proliferation in vitro. (A) Overview of the CRISPR 
strategy to generate RHOA knockout shows the location of target regions within the gene flanking exons 2 and 4 and the proto-
spacer adjacent motif. (B) Western blot analysis of clones recovered following RHOA targeting in K562 cells identified six clones 
that are null for RHOA. (C) Trypan blue exclusion assays (n=3) over a 4-day proliferation period showed minor differences in cell 
growth between the mock control (MC) cells and cells from knockout (KO) clones C8 and C9. CellTiter Glo viability assays at day 
3 also showed only a marginal difference in cell survival between the MC and KO cells (n=3). (D, E) In the same analysis of KO 
clones identified from the KU812 cells (D), there is only a minor difference in both cell proliferation and survival (E). Differences 
between the KO and MC cells were evaluated using the Student t test. *P<0.01, **P≤0.001, ns: not significant. PAM: protospacer 
adjacent motif.
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Cell adhesion and homing are affected by RHOA 
Since the gene set enrichment analysis defined cell acti-
vation and adhesion as the most significantly affected 
biological processes following deletion of RHOA, we ana-
lyzed these phenotypes in more depth. Adhesion was 
evaluated by plating 1x105 GFP+ cells onto fibronectin frag-
ment, CH-296-coated plates as we have described pre-
viously.30 The number of cells was determined by counting 
GFP+ cells per unit area using ImageJ software (Figure 5A). 
Compared to the K562 MC cells, the RHOA KO clones, C8 
and C9, showed significantly reduced adhesion properties. 

In a similar comparison of migration through extracellular 
matrix, the RHOA KO cells showed a significantly reduced 
migration potential compared with the K562 MC cells (Fig-
ure 5B). Since it is possible that reduced cell invasion and 
migration may lead to a reduced ability of leukemic cells 
to home to the bone marrow, we used homing assays to 
compare the homing ability of MC and RHOA KO cells. 
When 5x106 K562 MC cells were injected into the tail veins 
of NSG mice, the presence of GFP+ leukemic cells in the 
bone marrow 16 h after injection was significantly in-
creased compared to the number of GFP+ cells following 

Figure 2. RHOA knockout suppresses chronic myeloid leukemia progression in vivo. (A) Kaplan-Meier survival analysis of mice 
xenografted with 1x106 mock control (MC) cells or knockout (KO) K562 cells shows that those that received MC cells had a median 
survival of 52 days; none of the mice xenografted with the KO cells developed disease over the 150-day observation period. When 
the inoculum was increased to 5x106 cells, while there was a reduction in the mean survival time to 35 days for recipients of the 
MC cells, there was no difference in survival for those that received the KO cells. (B) Similarly, for the KU812 cells, while the 
mean survival of mice in the MC group was 39 days, none of the mice injected with the KO cells developed of leukemia over the 
observation period. (C, D) This significant difference in disease development for K562 cells (C) and KU812 cells (D) could be vis-
ualized in mice using luminescence tracking which was mirrored by the relative levels of white blood cells in the peripheral 
blood at the time of sacrifice (N=5). Differences between the KO and MC cells were evaluated using the Student t test. *P<0.01, 
***P≤0.0001, ****P=0.00001.
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Figure 3. RHOA knockout changes the gene expression profiles in K562 chronic myeloid leukemia cells. (A) Gene set enrichment 
analysis of RNA-sequencing data from K562 mock control (MC) or RHOA knockout (KO) clones (N=2) showed significant enrich-
ment of genes involved in cell adhesion and activation biological processes in the RHOA-expressing MC cells. Gene set enrichment 
analysis of RNA-sequencing data from K562 mock control (MC) or RHOA knockout (KO) clones (N=2) showed significant enrich -
ment of genes involved in cell adhesion and activation biological processes in the RHOA-expressing MC cells. (B) A comparison 
in expression changes of genes associated with cell adhesion is illustrated and predominantly shows significant downregulation 
in the KO cells. (C) Similarly genes involved in cell activation biological processes predominantly show significant downregulation 
in the KO cells. NES: normalized enrichment score; NOM p-values: nominal P values; FDR q-values: false discovery rate q values. 

A

B C
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injection of KO C8 or C9 cells, demonstrating a reduced 
capacity for homing following RHOA KO (Figure 5C). These 
empirical observations provide support for the gene ex-
pression studies implicating RHOA in these two biological 
processes in CML leukemia cells and their contribution to 
leukemia progression. 

RHOA regulates IGFBP2 expression in a serum response 
factor-dependent manner 
The SRF regulates many genes involved in cell migration 
and adhesion,31 which are also the biological processes 
most significantly affected as a result of RHOA deletion. In 

addition, RHOA has been shown to regulate gene ex-
pression, in part, through the regulation of the SRF tran-
scription factor.32 Both SRF and IGFBP2 have been shown 
to orchestrate cell motility and invasion phenotypes in dif-
ferent cancers.33,34 To determine whether the downregula-
tion of IGFBP2 in RHOA KO cells is dependent on SRF, we 
generated reporter constructs in the pGL3 vector contain-
ing the 1 kb fragment spanning the IGFBP2 promoter. In the 
absence of the promoter, SRF was unable to induce ex-
pression of luciferase. However, when the promoter region 
was present, luciferase activity increased in the presence 
of SRF, in a dose-dependent manner (Figure 6A). Thus, it 

Continued on following page.
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appears that SRF can regulate IGFBP2 gene expression di-
rectly. 
In addition, when SRF was overexpressed in BaF3 hema-
topoietic cells or NIH 3T3 cells, there was a proportional 
increase in IGFBP2 expression compared with the ex-
pression of cells transduced with the empty vector (Figure 
6B). To further investigate how RHOA regulates SRF activ-
ity in leukemia, we treated both K562 and NIH3T3 cells 
with RHOA activator I. Following activation of RHOA, west-
ern blotting demonstrated an increased localization of 
SRF to the nucleus in K562 cells (Figure 6C), which could 
be visualized directly in adherent NIH 3T3 cells (Figure 
6D). ChIP-qPCR analysis (Figure 6E) demonstrated direct 
binding of SRF to the IGFBP2 promoter region in K562 
cells and its promoter occupancy was further enhanced 
when the cells were exposed to RHOA activator I in the 
culture medium. Thus, loss of RHOA activity in p210 BCR-
ABL1-expressing CML cells leads to reduced IGFBP2 ex-
pression as a result of a reduced ability to promote 
SRF-mediated transcription activation.  

IGFBP2 knockout can partially recapitulate the effects 
of RHOA knockout on chronic myeloid leukemia 
progression  
IGFBP2 is a secreted protein and exerts its effect through 
controlling the distribution, function, and activity of insu-
lin-like growth factors (IGF) in the pericellular space, al-
though it also has IGF-independent mechanisms of 
action.35 Analysis of the culture medium recovered from 
MC K562 and KU812 cells expressing RHOA showed 
relatively high levels of IGFBP2 but these levels were dra-
matically reduced in KO cells derived from these two cell 
lines (Figure 7A). To determine whether the level of secre-
tion of IGFBP2 from these cells affects the adhesion and 
migration phenotypes, we introduced exogenous IGFBP2 
into the culture medium of K562 KO C8 cells. While the 
KO cells showed a reduction in migration and adhesion 
compared with the MC cells, there was a significant in-
crease in the adhesion and migration potential of these 
cells after adding IGFBP2 to the culture medium (Figure 
7B). To explore this effect further, we generated IGFBP2 
KO clones (C5 and C11) from K562 cells using CRISPR (Fig-

ure 7C). When these clones were subjected to migration 
and adhesion assays (Figure 7D), both phenotypes were 
significantly impaired, demonstrating the importance of 
IGFBP2 in the regulation of these phenotypes in CML cells. 
In vivo engraftment of these cells (Figure 6E) demon-
strated that, as a result of the IGFBP2 loss, there was a 
highly significant increase in survival in mice xenografted 
with the KO cells compared with the MC cells. These re-
sults were confirmed using luminescence imaging (Figure 
6F) and white blood cell counts in the peripheral blood of 
the animals. Thus, IGFBP2 is clearly an important target 
of RHOA in the regulation of the oncogenic phenotype of 
BCR-ABL1-expressing leukemic cells. 

Discussion 
RHOA has been associated with diverse aspects of cancer 
development and progression but whether it can be de-
scribed as an oncogene or a tumor suppressor gene has 
been an open question.1,6 In fibroblast transformation as-
says RHOA acted as an oncogene but activation deficient 
mutations did not.8 In murine studies, specific inactivation 
of RHOA did not support an oncogenic function in vivo. 
Analysis of mutations in human cancer showed that RHOA 
is infrequently amplified and is often predicted to be de-
leted, suggesting a tumor suppressor function.7,31 Many of 
the mutations used to study RHOA function in vitro are 
not observed in human cancers and so their direct role in 
cancer development has been difficult to interpret.7 De-
spite the variable presence of RHOA mutations and am-
plifications in human solid tumors, consistent RHOA 
mutations predicted to be activating events have been 
found in certain T-cell and B-cell leukemias and lympho-
mas.9-11 In the specific example of Ph+ CML, we show that 
deletion of RHOA leads to suppression of leukemogenesis, 
favoring an oncogenic role in cells expressing the p210 
BCR-ABL chimeric kinase harboring the GEF domain that 
activates RHOA.  
The role of RHOA in cancer development appears to be 
due both to actin cytoskeleton-initiated molecular signal-
ing and a direct role in regulating various aspects of cell 

Figure 4. Detection of the expression levels of potential RHOA downstream targets in chronic myeloid leukemia cells and primary 
patients’ samples. (A) Quantitative reverse transcriptase polymerase chain reaction (RT-qPCR) analysis was used to verify dif-
ferential expression of several of the most highly downregulated and upregulated genes in K562 RHOA knockout (KO) cells com-
pared with mock control (MC) cells (N=3). Analysis of the same genes in the KU812 RHOA KO cells using RT-qPCR showed the 
same differential expression patterns. (B) The reduced expression levels for IGFBP2, IL20RB and CD24 were further confirmed 
using western blotting. (C) Analysis of the GSE47927 chronic myeloid leukemia (CML) dataset revealed a highly significant differ-
ence in IGFBP2 expression in CML samples (n=52) compared with normal controls (n=15). When cells from these CML cases were 
sub-fractionated into different stem/progenitor subpopulations, there was a highly significant increase in IGFBP2 expression in 
CML hematopoietic stem cells compared with normal counterparts. In similar comparisons, a significant increase in IGFBP2 ex-
pression was seen in common myeloid progenitors and megakaryocyte-erythroid progenitors but no difference was seen in gra-
nulocyte-monocytic progenitors. Statistical significance was established using the Student t test. **P≤0.001, ***P≤0.0001, 
****P≤0.00001. HSC: hematopoietic stem cells; CMP: common myeloid progenitors; GMP: granulocyte-monocytic progenitors; 
MEP: megakaryocyte-erythroid progenitors. 
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movement and invasion through interactions with the 
actin cytoskeleton machinery.1,4 Overall, however, the role 
of RHOA in cancer development appears to be cell con-
text-dependent, which may be further complicated by the 
differential availability of the various binding partners in 
different cell types. Our studies here define a clear role 
for RHOA in promoting leukemogenesis of Ph+ CML, since 
its knockout completely suppressed leukemogenesis in 
vivo. However, in our studies in stem cell leukemia/lym-
phoma syndrome driven by the BCR-FGFR1 chimeric ki-
nase, prevention of RHOA activation as a result of deletion 
of the GEF domain led to a more aggressive disease,12 

further highlighting the contextual role of RHOA in differ-
ent cancer cell types.  

While the mechanism by which RHOA influences the ma-
lignant phenotype is still emerging, in the CML cell model 
we describe, RHOA clearly has a profound influence on 
gene expression profiles and appears to activate many 
genes involved in cell migration and actin cytoskeleton in-
teractions. It was shown some time ago that activated 
RHOA is required for transcriptional activation by SRF32 
and that this is facilitated by RHOA-dependent relocation 
of SRF into the nucleus. We now show that migration and 
invasion of CML cells are regulated by the SRF transcrip-
tion factor, which is well known to promote expression of 
genes involved in these phenotypes.31 IGFBP2 was the 
most highly affected gene resulting from RHOA knockout, 
which we now show is regulated directly by SRF in a 

Figure 5. RHOA regulates the cell mobility of chronic myeloid leukemia cells. (A) K562 mock control (MC) and knockout (KO) C8 
and C9 cells were plated on CH-296-coated plates (N=3) and after 24 hours randomly selected fields were photographed (N=5) 
and the number of attached cells per field was counted using ImageJ software, which showed a significant reduction in cell ad-
hesion for the KO cells. (B) Using transwell assays, there was a significant reduction in the number of cells migrating through the 
membrane for the KO cells compared with the MC cells. (C) For the homing assay, mice were xenografted with 5x106 cells and, 
after 16 hours, the ratio of GFP+ cells in the bone marrow (BM) was determined using flow cytometry. There was a significant re-
duction in the number of KO cells homing to the BM compared with the number of MC cells. The scale bar in (A) represents 400 
µm, with the same magnification for images in (A) and (B). Differences between the KO and MC cells were evaluated using the 
Student t test. ***P≤0.0001, ****P≤0.00001.

A

B

C

Haematologica | 108 January 2023 

130

ARTICLE - RHOA-regulated IGFBP2 promotes BCR-ABL1 CML H. Zhang et al.



RHOA-dependent manner. IGFBP2 also directly influences 
cell migration and adhesion as well as homing of cells to 
the bone marrow.  
Knockout of IGFBP2 led to impaired cell migration and ad-
hesion and improved survival in the CML animal model, 
implying a significant direct role in leukemogenesis. 
IGFBP2 is highly expressed in a broad range of cancers, 
including leukemias, and has become a valuable bio-
marker for poor outcome. In some cancer types IGFBP2 
also promotes cell migration and invasion36 and the fact 
that it is regulated by SRF further demonstrates the close 
interaction to promote RHOA-mediated signaling. As a se-
creted protein, it serves its main function through binding 

to IGF receptors to initiate signal transduction involved in 
oncogenesis and fetal development, although it has also 
been shown to signal through IGF-independent mechan-
isms.31 In cancers such as gliomas, it is recognized as an 
oncogene and potential target for therapy.35 In particular, 
IGFBP2 binds to integrins,37 which are involved in tumor 
progression, migration and metastasis. IGFBP2 is a pivotal 
regulator of the process of epithelial-mesenchymal tran-
sition through the PI3K/AKT axis and the NFKB pathway 
by activating PI3K/ATK and suppressing PTEN.36-38 The ob-
servations presented here confirm a direct role for IGFBP2 
in the regulation of leukemia cell mobility which con-
tributes to leukemia progression. In addition, tumorigenic 

Figure 6. RHOA activates IFGBP2 expression through serum response factor. (A) Luciferase expression analysis shows that in the 
presence of the IGFBP2 promoter there was an increase in activity that was proportional to the levels of serum response factor 
(SRF) transfected in the same cells. (B) When SRF was overexpressed in either NIH3T3 or BaF3 cells, there was a proportional 
increase in IGFBP2 expression. (C) When K562 cells were treated with RHOA activator I, levels of SRF declined in the cytoplasm 
but increased in the nucleus. The relative purity of the cytoplasmic and nuclear protein enrichment was demonstrated by the 
almost exclusive presence of proteins GAPDH (cytoplasm) and Lamin A (nucleus). (D) The same increased levels of SRF in the 
nucleus of adherent 3T3 cells following RHOA activation was seen using confocal microscopy. (E) Chromatin immunoprecipitation 
quantitative polymerase chain reaction analysis from K562 cells using primers P1, which target the IGFBP2 promoter region, 
showed occupancy of SRF on the IGFBP2 promoter (SRF-), which was increased when the cells were treated with the RHOA ac-
tivator (SRF+). In the same experimental model, no significant changes were seen in the downstream intron region defined by 
the P2 primers. The scale bar in (D) represents 50 µm. Differences between the knockout and matched control cells were evalu-
ated using the Student t test. Cells transduced with empty vector were used as the control for comparison in (B). *P<0.01, 
**P≤0.001, ***P≤0.0001, ****P≤0.00001, ns: not significant. MSCV: murine stem cell virus; EV: empty vector. 
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cell-derived IGFBP2 has also been shown to support in 
vitro and in vivo expansion of hematopoietic stem cells.39-

41 It appears therefore that IGFBP2 expression in the 
leukemia cells, through RHOA-SRF signaling, may also 
contribute to leukemia progression by influencing the 
bone marrow microenvironment and modulating hemato-

poietic cells, concepts that are worthy of further investi-
gation.  
In our studies we focused on the role of RHOA in the de-
velopment of p210-expressing CML cells. While the struc-
tural loss of the GEF domain in p190-expressing leukemias 
precludes RHOA activation, these leukemias show a more 

Figure 7. Knockout of IFGBP2 partially recapitulates the phenotype of RHOA loss. (A) Analysis of the supernatant from K562 C8 
and KU812 C7 knockout (KO) cells when compared with the respective mock control (MC) cells, showed a dramatic reduction in 
IGFBP2 protein levels in the KO cell culture medium. (B) In migration and adhesion analysis, K562 KO C8 cells showed a reduction 
in both phenotypes compared with MC cells. When exogenous, recombinant IGFBP2 (rIGFBP2) was added to the culture medium, 
there was a significant increase in both phenotypes in the KO C8 cells. (C, D) CRISPR knockout of IGFBP2 in K562 cells generated 
two clones, C5 and C11 (C), which when subjected to migration and adhesion assays (D) showed reduced levels compared with 
MC cells. (E) When these cells were xenografted into NSG hosts, mice receiving KO clones C5 and C11 showed an increased sur-
vival compared with MC-engrafted mice. (F) This result was consistent with luminescence intensity in the mice after 28 days, 
which showed that the tumor burden was significantly reduced in the mice grafted with the KO C5 cells compared to that of 
mice engrafted with MC cells. White blood cell count at the time of sacrifice was also reduced in the mice grafted with KO C5 
cells. The scale bars in (B) and (D) represent 400 µm, with the magnification for the images in (B) and (D) being the same. Dif-
ferences between the KO and MC cells were evaluated using the Student t test. Pairwise comparisons are indicated by the hori-
zontal lines. **P≤0.001, ***P≤0.0001, ****P ≤0.00001. CM: culture medium; WBC: white blood cells.
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aggressive disease course. Here, we clearly demonstrate 
a critical disease-promoting role for RHOA in p210-ex-
pressing CML. With regard to leukemogenesis in p190-ex-
pressing cells, it appears that these cells have evolved 
other molecular oncogenic mechanisms that are indepen-
dent of RHOA function. Indeed, in gene expression studies 
comparing p190- and p210-expressing leukemias there 
was a significant difference in gene expression patterns.42 
p190-expressing CML samples exhibited an upregulation 
of interferon, IL1R and p53 and hyperactivation of 
STAT1/JAK1, SRC and PAK1 signaling, all of which are re-
lated to aggressive cell growth. p190-expressing CML, al-
though rare, showed gene expression patterns similar to 
the p190-expressing acute lymphoblastic leukemia 
samples. In addition, using quantitative comparative pro-
teomics, strong differences in the interaction and cellular 
phosphoproteome were identified between p190- and 
p210-expressing cells in two different studies.43,44 Thus, it 
appears that the course of disease progression in cells 
expressing the variant Ph chromosome translocations is 
likely due to their different overall genetic signatures and 
that RHOA activation is specifically important on the 
background of the p210-directed genetic changes driving 

leukemogenesis. 
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