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Abstract
Background—Patients with blast crisis phase chronic myelogeneous leukemia (CML) have poor
response to tyrosine kinase inhibitors designed to inhibit the BCR-ABL1 oncogene. Recent work
has shown that heme oxygenase 1 (HO-1) expression is increased in BCR-ABL1 expressing cells
and that inhibition of HO-1 in CML leads to reduced cellular growth suggesting HO-1 may be a
plausible target for therapy. Here we sought to clarify the mechanism of HO-1 overexpression and
the role of the NADPH oxidase as a contributor to this mechanism in CML.

Methods—HO-1 expression was evaluated in CML bone marrow specimens from patients in
various stages of disease, in a transplant based model for CML and in CML cell lines. Chemical
and genetic inhibition of the NADPH oxidase was carried out in CML cells.

Results—Blast crisis CML patient specimens displayed higher levels of HO-1 staining than
chronic or accelerated phase. HO-1 upregulation in BCR-ABL1 expressing cells was suppressed
by diphenyliodonium (DPI), a chemical inhibitor of the NADPH oxidase. Targeting the NADPH
oxidase through RNAi to Rac1, a dominant negative Rac1 construct or an inhibitor of Rac1
activity also blunted HO-1 protein expression. Moreover, inhibition of the NADPH oxidase by
RNAi directed towards p47phox similarly abrogated HO-1 levels.

Conclusion—BCR-ABL1 expression upregulates HO-1, a survival factor for CML cells. This
upregulation is more pronounced in blast crisis CML relative to early stage disease and is
mediated by the NADPH oxidase components Rac1 and p47phox. Expression of p47phox is
increased in BCR-ABL1 expressing cells.
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Introduction
Molecular details of the BCR-ABL1 oncogene’s effects in chronic myelogenous leukemia
(CML) cells have enabled the development of an armamentarium of effective new therapies
which are primarily kinase inhibitors1. While these strategies are very effective at combating
chronic phase disease, patients with blast crisis CML are often resistant to kinase inhibitors
and can be offered few effective therapies2. Therefore, investigation of molecular alterations
associated with blast crisis CML will aid in the development of better treatments.

In addition to functioning as a kinase, BCR-ABL1 increases levels of intracellular reactive
oxygen species (ROS)3, a feature which has been linked to DNA damage and secondary
mutations seen in blast crisis CML4, 5. However, the source of increased ROS in BCR-
ABL1 expressing cells is poorly understood. Endogenous sources of oxidative stress include
the activation of ROS-producing complexes such as the NADPH oxidase. There are five
Nox isoforms, termed Nox1-5, and two related enzymes, DUOX1 and DUOX2. Each of
these enzymes consists of a unique combination of subunits, which include p47phox,
p67phox, p22phox, NoxO1, NoxA1 and Rac1, for activity. Initial studies of the NADPH
oxidase focused on Nox2 in myeloid cells, which requires assembly of p22phox, p47phox,
p67phox and Rac1 for activation of the oxidase. Once assembled, the oxidase produces a
superoxide burst that serves as a defense mechanism to counter bacterial attacks. Currently,
few studies have addressed the relationship between BCR-ABL1 and the NADPH oxidase.
Interestingly, CML patient samples and cell lines also express high levels of Nox26 which
may cause the increase in intracellular ROS observed in BCR-ABL1 expressing cells.
Moreover, subsequent work has revealed that numerous cell types express the NADPH
oxidase which, in non-immune cells, promotes proliferation.

Regardless of the source, in virtually every cell type, elevated ROS levels are offset by
upregulation of antioxidant proteins. In BCR-ABL1 expressing cells, one of these
antioxidant proteins is heme oxygenase-1 (HO-1), a small heat shock protein, also known as
hsp327. HO-1 belongs to a family of heme oxygenases consisting of two active isoforms,
HO-1 and HO-2. These enzymes primarily function in the degradation of heme to
billiverdin, a compound with antioxidant properties 8. While HO-1 is known to be inducible
by oxidative stress, such as that caused by BCR-ABL1, HO-2 is constitutively expressed and
is not further induced by stress. A third isoform, HO-3, shares sequence similarity but does
not seem to be catalytically active 9, 10. Like other small heat shock protein family members,
HO-1 possesses anti-apoptotic properties. Recent work has linked its expression to survival
of myeloid cells and to drug resistance11.

In the current study, we evaluated CML patient specimens from various stages of
progression, a CML mouse model and various CML cell lines for HO-1 expression and
report increased HO-1 in blast crisis bone marrow specimens. Interestingly, BCR-ABL1
expressing cells possess higher levels of p47phox providing a plausible mechanism for
elevated ROS and HO-1 expression by BCR-ABL1. We provide evidence, using chemical,
mutational, and RNAi based applications, that HO-1 expression is regulated by the NADPH
oxidase components, Rac1 and p47phox, in CML. Therefore our data points to a novel
pathway linking BCR-ABL1 to the NADPH oxidase and HO-1, highlighting new
opportunities for therapeutic intervention for blast crisis CML.

Materials and Methods
Cells, chemicals and antibodies

Parental K562 cell lines were obtained from American Type Culture Collection (Manassas,
VA), imatinib resistant K562 cells were kindly provided by Dr. James Griffin (Dana Farber
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Cancer Institute, Harvard Medical Center, MA), BaF3 cells transduced with empty vector,
p210 BCR-ABL1 or mutant BCR-ABL1 were kindly provided by Dr. Charles Sawyers
(Memorial Sloan Kettering Cancer Center, NY), and TonBp210 cells were kindly provided
by Dr. George Daley (Children’s Hospital Boston, Harvard Medical School, MA). N-
acetylcysteine (NAC), diphenyliodonium chloride (DPI), rotenone, and wortmannin were
purchased from Sigma (St. Louis, MO). The Rac1 inhibitor NSC23766 was purchased from
EMD4Biosciences. Antibodies used in this study were obtained from the following: HO-1,
Enzo Life Sciences (Farmingdale, NY); β-actin, Sigma (St. Louis, MO); p210 BCR-ABL1
(8E9), gift from Dr. Ralph Arlinghaus (MD Anderson Cancer Center, Houston, TX); Rac1,
Millipore (Billerica, MA); myc and p47phox, Santa Cruz Biotechnology (Santa Cruz, CA).

Immunohistochemistry of CML Tissue Microarray
Patient specimens were used for this study and were collected after informed consent was
obtained in accordance with the Declaration of Helsinki. Tissue microarray studies were
initiated after approval from the University of Texas M.D. Anderson Cancer Center
(UTMDACC) Institutional Review Board. The tissue microarray contained bone marrow
specimens from 10 chronic-phase patients, 8 accelerated-phase patients, and 17 blastic-
phase patients, spotted in triplicate. Tissue sections (4 μm thick) were deparaffinized in
xylene and rehydrated by using a graded ethanol series. Heat-induced epitope retrieval was
performed with Tris-HCl buffer (pH 8.0). 3,3′-diaminobenzidine/H2O2 (Biogenex, San
Ramon, CA) and chromogen with hematoxylin was used as the counterstain. HO-1 protein
expression was evaluated in the specimens using a HO-1 specific antibody and the patients
with >20% HO-1-positively stained cells was considered significant.

Detection of mRNA and protein for HO-1 in murine CML transplant model
A CML mouse transplant model, approved by the UTMDACC Institutional Animal Care
and Use Committee, was set up as described previously12. Briefly, marrow cells were
harvested from C57/Bl6 mice injected with 200 mg/kg 5-fluorouracil and infected with virus
harboring MigR1 p210 BCR-ABL1. Virus infected cells were injected into the tail vein of
irradiated (600 cGy) recipient mice. After 14 days, marrow cells from the recipient mouse
were sorted based upon GFP positivity and total RNA was isolated using Trizol reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. RT-PCR was
performed to amplify HO-1 using the following primers:
FAACAAGCAGAACCCAGTCTA and R-CCTTCTGTGCAATCTTCTTC. Transplant
efficiency was verified by BCR-ABL1 and β-actin amplification. For HO-1 and β-actin,
PCR conditions included 40 cycles with an annealing temperature of 57°C, and for BCR-
ABL1 60 cycles with an annealing temperature of 55°C.

Quantification of ROS
CM-H2DCF-DA (Molecular Probes/Invitrogen, Carlsbad, CA) was used to assay
intracellular ROS levels as previously described12. Briefly, cells were collected by
centrifugation after exposure to NAC, DPI, wortmannin, rotenone or diluent at the
concentration and duration indicated and resuspended in phosphate-buffered saline (PBS)
containing 10 μM CM-H2DCF-DA. Samples were incubated for 30 minutes in the dark at
37°C, washed with PBS to remove unreacted dye, read on the FL-1 channel of a Becton
Dickinson FACSCalibur, and analyzed using CellQuest Software (Becton Dickinson,
Franklin Lakes, NJ).

Knockdown of Rac1 and p47phox or overexpression of dominant negative Rac1
The following sequences targeting mouse Rac1 were cloned into the pSuperior retro.neo
+gfp vector (Oligoengine, Seattle, WA) according to the manufacturer’s protocol: Rac1-1:
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5′GACGGAGCTGTTGGTAAAA-3′, Rac1-2: 5′GAGAACACCTAAGCACTAA-3′,
Rac1-3: 5′-GCGTTGAGTCCATATTTAA-3′, Rac1-4: 5′-
GCAACTAGGTGTGCAAATC-3′. p47phox siRNA was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). The dominant negative Rac1 construct, Rac1N.17-myc,
was purchased from Addgene (Cambridge, MA). Plasmids (2 μg) or siRNA (2 μM) were
introduced into 2×106 BaF3-p210 cells by nucleofection (Lonza Group Ltd., Basel,
Switzerland) using program X-01.

Western blotting
HO-1, BCR-ABL1, Rac1, and p47phox protein expression was monitored in total cell
lysates prepared using Triton X-100 buffer (PBS with 1% Triton X-100, 25 mM Tris, pH
7.5, and 150 mM NaCl) containing protease inhibitor cocktail (Roche). Proteins were
separated by SDS-PAGE and detected by Western blot analysis using designated antibodies
listed above at 1:1000 dilution. Immunoreactive bands were visualized using corresponding
HRP conjugated secondary antibodies followed by chemiluminescent detection (GE
Healthcare, Waukesha, WI). The intensity of the bands was measured and analyzed using
Image J software.

Cellular proliferation and viability analyses
BaF3 cells transduced with BCR-ABL1 (p210) or vector were plated at a density of 0.5×106

cells per mL and then treated with increasing doses (25-1000 μM) of NSC23766 for 24
hours. Cell viability was analyzed by diluting cellular suspension 1:1 in trypan blue and
counting positive cells by hemocytometry. Cellular proliferation was performed on K562
cells which were plated at a density of 0.25×106 cells per mL and treated with increasing
doses of diphenylene iodonium (DPI; 0.5-30 μM) or NSC23766 (25-1000 μM) for 24 hours.
Viable cell numbers were determined by counting with a hemocytometer. IC50
concentrations were determined by fitting non-sigmoidal dose response curves in GraphPad
Prism software. K562 cells were then plated at a density of 0.25×106 cells per mL and
treated for 48 hours with 125 or 250 nM imatinib alone, or in combination with the IC50
dose of NSC23766 (89.9 μM). Cells were then centrifuged, washed with PBS, and
incubated with propidium iodide solution (50 μg/mL PI, 0.1% Triton X-100, and 0.1%
sodium citrate in PBS) for 4 h at 4°C. DNA fragmentation was quantified by flow cytometry
on the FL-3 channel (FACSCalibur, Becton, Dickinson, Franklin Lakes NJ). CellQuest
software was used for the analysis of sub-diploid populations (BD Bioscience, Franklin
Lakes NJ).

Results
HO-1 expression is increased in blastic phase CML patient specimens and in a transplant
based CML mouse model

Increased expression of HO-1 has been reported in CML cell lines13 and an array of patient
specimens. Here we assessed HO-1 expression in the three stages of CML disease; chronic,
accelerated, and blastic. To address the expression of HO-1 through progression of CML,
we employed a CML tissue microarray containing 35 samples from patients progressing
from chronic, accelerated, and ultimately blast crisis phase of disease and conducted
immunohistochemistry for HO-1. This same cohort of patients has been previously utilized
to show phase specific alterations in Fyn14, which is also dependent upon regulation by
oxidative-stress and BCR-ABL1. From this array, two representative cases of HO-1 staining
in chronic phase and upon progression of the same patient to blastic phase are shown in Fig.
1A. In both examples, there is little baseline expression of HO-1 protein. With progression
to blast crisis, however, a dramatic increase in HO-1 staining is evident. In a panel of
patients in various stages of disease, the amount of HO-1 positivity was quantified by phase
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of disease and is depicted graphically (Fig. 1B). Only 20% of the chronic phase specimens
showed significant staining (with greater than 20% of the cells positive) for HO-1. In
contrast, 80% of the blastic phase patients demonstrated significant positivity for HO-1 (Fig.
1B). Among the blastic phase patients positive for HO-1 staining, 6 specimens were myeloid
and 6 were lymphoid in origin and equal numbers of myeloid and lymphoid specimens
stained negative for HO-1 expression (Table 1). This indicates that there is no difference in
the level of HO-1 expression between lymphoid and myeloid blast crisis samples. In
addition, there is no clear correlation linking additional cytogenetic abnormalities with HO-1
expression level (Table 1). These data indicate that HO-1 protein upregulation is associated
with progression to blastic phase in both lymphoid and myeloid disease.

To extrapolate these findings to a well established transplant based mouse model for
CML12, bone marrow from donor mice was infected with retrovirus expressing MigR1-
GFP-p210 and injected intravenously into irradiated recipient mice. Peripheral blood cells
were sorted and RNA isolated from GFP− and GFP+ cells. Comparison of HO-1 mRNA in
GFP− and GFP+ indicated that GFP+ cells expressing BCR-ABL1 had higher levels of
HO-1 (Fig. 1C).

HO-1 protein expression is increased in multiple cell line models for CML
We next explored whether a specific degree of increased expression of BCR-ABL1 was
required for upregulating HO-1. TonB cells transfected with a tetracycline inducible BCR-
ABL1 expression system (Fig. 2A) were used to incrementally increase expression of the
oncogene. Upon induction of BCR-ABL1 with 1 μg/ml doxycycline over 12, 24, 36 and 48
h, HO-1 expression was increased. However, HO-1 expression reached a plateau by 12 h
whereas BCR-ABL1 protein continued to increase over time, suggesting that HO-1 levels
may be kept in check by other mechanisms. Protein expression of HO-1 was also heightened
in a human CML cell line originally isolated from a patient in blast crisis, K562, and its
imatinib resistant counterpart (K562-STI). An additional model for BCR-ABL1 expression
was evaluated: the hematopoetic cell line BaF3, transduced with either vector, wildtype
BCR-ABL1 or two imatinib resistant mutations of BCR-ABL1 (E255K or T315I) (Fig. 2B).
In all of these systems, HO-1 expression is higher in cells that express BCR-ABL1,
regardless of mutation status. These data suggest that HO-1 expression is a feature of all
BCR-ABL expressing cells, even those that are imatinib resistant.

Chemical inhibitors of ROS or of the NADPH oxidase reduce expression of HO-1 in CML
cells

Since HO-1 is responsive to oxidative stress15-18, we tested the effects of blocking ROS on
HO-1 expression. K562 cells were treated for 24 h with either diluent, a general antioxidant,
NAC, or a NADPH oxidase-specific inhibitor, DPI19 to first confirm that these compounds
reduced ROS levels in BCR-ABL1 expressing cells. After exposure to DPI, intracellular
peroxide levels are reduced by a log as measured by mean fluorescence intensity in K562
cells (Fig. 3A). Exposure to either NAC or DPI caused a decrease in HO-1 levels (Figure
3B), which reinforces the oxidant dependence of HO-1 upregulation and implicates the
NADPH oxidase as a potential contributor to HO-1 expression.

Chemical inhibition of the NADPH oxidase suppresses ROS more effectively than
inhibition of electron transport or Akt signaling in BCR-ABL1 expressing cells

The NADPH oxidase is one of many endogenous sources of oxidative stress that normally
function in the cell20. Previously, the NADPH oxidase, as well as other sources of ROS have
been linked to BCR-ABL1, and have been attributed to the increase in oxidative stress seen
in these cells21, 22. In BaF3-p210 cells, we compared an inhibitor of mitochondrial
respiration, rotenone, and an inhibitor of Akt signaling, wortmannin, to the effect of DPI on
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intracellular peroxide levels. Figure 4 shows that DPI was more effective than either
previously reported regulators of BCR-ABL1-induced oxidative stress. A representative
histogram comparing effects of DPI to doses and exposures of wortmannin and rotenone
previously published as lowering ROS in BCR-ABL1 expressing cells is shown in Figure
4A. Figure 4B is a summary of three experiments in which DCF fluorescence (indicative of
intracellular peroxide levels) was quantified. A significant reduction (p = 0.01) of ROS in
BCR-ABL1 expressing cells was noted upon exposure to DPI (Figure 4B). Collectively,
these data reinforce the notion that chemical inhibition of the NADPH oxidase by DPI
impacts ROS levels moreso than inhibitors of mitochondrial respiration or Akt signaling.

Rac1 and p47phox, both components of the NADPH oxidase, contribute to protein
expression of HO-1 in CML cells

Decreased ROS production upon treatment with DPI suggests involvement of at least one of
the Nox enzymes. Previous studies have identified Nox4 as a contributor to the elevated
ROS observed upon induction of BCR-ABL121. Interestingly, we found that one of the
subunits of Nox2, p47phox23, was increased by 2.5 fold in BCR-ABL1 expressing cells as
compared to vector control cells (Figure 4C). Since DPI is reported to inhibit other
flavoproteins in addition to the NADPH oxidase, we set out to more specifically implicate
Nox2 by targeting individual components of this multi-protein complex. Rac1 is a crucial
component of several of the NADPH oxidase enzymes20, including Nox2, and serves to
activate other cytosolic subunits of the oxidase (p47phox, p67phox, and p40phox) and
congregates at the cell surface interface to form the active oxidase. We first targeted Rac1
by employing shRNA directed towards Rac1 to knockdown protein expression (Fig. 5A) in
BaF3-p210 cells. Several different sequences were used to knockdown Rac1 with some
sequences being more or less effective than others. In general, Rac1 knockdown correlated
with decreased expression of HO-1. A Rac1 shRNA that suppressed nearly 60% of Rac1
expression also suppressed HO-1 expression by nearly 70% (Fig. 5A, Lane 5). We also
blocked Rac1 activity by two additional approaches: transfection of a dominant negative
mutant of Rac1, N.17-myc (Fig. 5B) and by treating cells with a chemical inhibitor of Rac1,
NSC23766 (Fig. 5C). Both approaches suppressed HO-1 protein expression, however, the
dominant negative approach was more effective at blunting HO-1 expression, achieving a
50% reduction in levels than the small molecule which diminished HO-1 by 30% at the
highest concentration used. Nonetheless, these three strategies used to modulate Rac1
activity indicate it is critical for maintenance of HO-1 levels in BCR-ABL1 expressing cells.

Since Rac1 is required for the activation of several of the Nox enzymes, we knocked down
p47phox (Fig. 5D), a subunit specific for Nox2, and evaluated protein expression of HO-1.
Similar to our results obtained with Rac1 inhibition, knockdown of p47phox also suppressed
HO-1 protein expression by 50%, thereby implicating two NADPH oxidase components
(Rac1 and p47phox) in controlling HO-1. These results indicate that the NADPH oxidase
leads to the increase in ROS observed in BCR-ABL1 expressing cells and that inhibition of
the oxidase modulates the levels of HO-1, providing an additional therapeutic target for the
treatment of CML.

Combination of inhibitors targeting Nox and BCR-ABL1 enhance cell death in CML cells
To assess the selectivity of Rac1 inhibition for therapy of BCR-ABL1 positive malignancies,
we treated BaF3 cells transduced with vector or BCR-ABL1 with increasing doses of
NSC23766 for 24 hours and evaluated cell viability (Figure 6A). All doses of the Rac1
inhibitor used resulted in a greater loss of viability, as measured by trypan blue positivity, in
BCR-ABL1 expressing cells as compared to the vector controls (Figure 6A). In addition,
both chemical inhibition of Rac1 in K562 blast crisis CML cells and the inhibition of Nox
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by DPI inhibit proliferation (Figure 6B) within the same range of drug that affects HO-1
expression (Figure 3B and 5C).

Our results demonstrate that targeting Nox2 via Rac1 inhibition or DPI may be a viable
therapeutic option to induce cell death and affect proliferation of CML. Therefore, we asked
whether inhibition of Nox2 in combination with imatinib cooperate to enhance cell death. In
order to evaluate this hypothesis, we treated K562 cells with the calculated IC50 value for
NSC23766 (89.9 μM; data not shown) with or without 125 nM or 250 nM imatinib for 48
hours and measured DNA fragmentation by PI staining (Figure 6C). As depicted in Figure
6C, imatinib alone did not significantly influence DNA fragmentation at these doses
although higher doses effectively caused DNA fragmentation (data not shown). However,
combined treatment of K562 cells with NSC23766 and imatinib led to a dramatic increase in
DNA fragmentation as compared to either NSC23766 or imatinib alone (Figure 6C). These
results indicate that use of NSC23766 in combination with imatinib augments the induction
of DNA fragmentation. Taken together, these data provide evidence to suggest that targeting
Rac1 or Nox is selective for CML and combined inhibition of Nox with imatinib may be a
novel therapeutic option for the treatment of CML.

Discussion
The present study shows that the NADPH oxidase, specifically Nox2, is a major contributor
to HO-1 upregulation, which is a feature of CML blast crisis. As depicted in Figure 7, RNAi
directed towards either Rac1 or p47phox blunts HO-1 expression indicating that these two
components of the oxidase are regulators of HO-1. Since HO-1 has been implicated in cell
survival, targeting the NADPH oxidase is a novel way to target this anti-oxidant and anti-
apoptotic protein. Direct targeting of HO-1 using siRNA and pharmacological inhibitors has
been reported to induce apoptosis in cells expressing wildtype and imatinib resistant mutant
BCR-ABL111, 13. However, the pharmacological inhibitors used were water soluble, cell
permeable conjugates of zinc protoporphyrin (ZnPP) which theoretically could target any Fe
containing compound. Another drawback of ZnPP is that it may actually modulate heme
levels24, which may have broad pleotropic effects. The same group reported that induction
of HO-1 using hemin protected cells from imatinib cytotoxicity. In fact, our studies
demonstrate that reducing HO-1 expression, via a Rac1 inhibitor, sensitizes BCR-ABL1
expressing cells to imatinib (Figure 6). These data further support the concept that HO-1
inhibition (either directly or indirectly) is a potentially therapeutically viable goal. Given our
data showing increased expression of HO-1 in blast crisis CML, this patient population
stands to benefit most from the development of such strategies.

While inhibition of HO-1 in CML appears warranted by our results, as with any new
therapy, evaluation of toxicities will be required. In particular, induction of HO-1 displays
cytoprotective and anti-inflammatory properties in cardiac, hepatic, and renal tissues when
oxidative stress is elevated. For example, in setteings of ischemia-reperfusion injury, which
leads to significant elevation of ROS after reoxygenation, induction of HO-1 is protective25.
However, in cancer, HO-1 expression is more highly expressed in a variety of tumor types
(26 and Figure 1) as compared to surrounding normal tissue. Also, our data (Figure 6A)
demonstrates that inhibition of Rac1, which influences HO-1 expression (Figure 5), is
selective for cells that express BCR-ABL1.

As a small heat shock protein, HO-1 is known to be inducible by oxidative stress as an
adaptive response7. In addition to functioning as a potent kinase, a feature of the BCR-
ABL1 oncogene is its ability to raise levels of intracellular ROS3. In BCR-ABL1 expressing
cells, blocking ROS levels with NAC also blocks HO-1 protein expression, indicating that
BCR-ABL1 mediated ROS contribute to expression of this pro-survival protein. More
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broadly, oxidative stress in CML as a consequence of the BCR-ABL1 oncogene has been
linked to DNA damage and altered DNA repair capacity4, 5, 27. Specifically, 32Dcl3 cells
overexpressing BCR-ABL1 contain higher levels of DNA damage than vector transfectants
as measured by the Comet assay5. Another report shows that lower DNA repair capacity27

in BCR-ABL1 expressing cells causes point mutations which may account for the many
secondary mutations seen in blast crisis. In vivo experiments support this concept4: SCID
mice were fed a Vitamin E rich diet for a week prior to being reconstituted with BCR-ABL1
transduced 32D cells and was continued through and post injection of CML cells.
Mononuclear cells from these mice had a lower rate of point mutations seen in blast crisis.
Taken together, these data link BCR-ABL1-initiated ROS to features of blast crisis CML.
Our results indicate that increased expression of HO-1 protein is yet another ROS dependent
molecular feature of progressed CML cases.

Given the relationship between oxidative stress and blast crisis CML, understanding the
molecular events that lead to heightened ROS in BCR-ABL1 expressing cells has potential
therapeutic impact. Prior work has attributed oxidative stress in BCR-ABL1 transformed
cells to higher generation of ROS by electron transport and increased PI3K signaling22. We
compared inhibition of these ROS sources to inhibition of the NADPH oxidase and found
that the latter had a far more significant effect on intracellular ROS levels in BCR-ABL1
expressing cells. Therefore, targeting the NADPH oxidase may represent a novel way to
prevent features of progression to blast crisis, inclusive of, but not limited to upregulation of
HO-1. We find that p47phox protein is overexpressed in cells constitutively expressing
BCR-ABL1 and that targeting p47phox or Rac1 leads to reduced HO-1 expression. Since
Nox2 is the only Nox isoform that requires both p47phox and Rac1, our data suggest that
Nox2 is important in the mechanism of elevated ROS and subsequent changes in HO-1
observed in these cells. While Nox2 is expressed in other cell models for CML, knockdown
studies using an inducible system for BCR-ABL1 expression show that Nox4 plays a major
role in BCR-ABL1 induced ROS21. In contrast, in patient derived KU812 cells, neither
Nox2 nor Nox4 appear to be required for elevated ROS28. These differences in the
dependence of the specific NADPH oxidase complexes in the generation of excess ROS
may be attributed to temporal effects of BCR-ABL1 expression; acute (inducible
TonB.p210) vs. chronic (BaF3/p210 or KU812), or other genetic abnormalities that are
present in these cell models. Regardless of whether the NADPH oxidase leads to elevated
ROS, targeting the oxidase in all systems leads to decreased cell survival making the oxidase
a viable target for CML.

In support of targeting the NADPH oxidase in CML, the potential efficacy and feasibility of
Rac1 (a NADPH oxidase component) inhibition has been addressed in an elegant study
using genetic and chemical means29, 30. In mice deficient in Rac1 and Rac2, expression of
BCR-ABL1 by transplant of transduced marrow cells showed significantly slower myeloid
disease development compared to wild type mice transplanted with BCR-ABL1 transduced
marrow. These investigators also used the same small molecule antagonist of Rac activation
used in Figure 5C, NSC23766, to inhibit clonogenic growth of CML patient derived bone
marrow cells and to show in vivo efficacy in a mouse CML model29. However, these results
potentially implicate both NADPH oxidase-dependent and -independent functions of Rac1.
While we cannot rule out a role for NADPH oxidase independent functions for Rac1 in
CML progression, our finding that p47phox is upregulated in BCR-ABL1 expressing cells
provides impetus for further study of Nox2 in CML blast crisis.

Taken together, our findings link the NADPH oxidase to HO-1 expression as depicted in
Figure 7 and provide molecular insight into blast crisis CML. We demonstrate that p47phox
is overexpressed in BCR-ABL1 expressing cells. A mechanistic explanation for this
observation is currently underway. We posit that the upregulation of p47phox affects the
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activity of Nox2 which leads to the increased ROS and a subsequent increase in HO-1
protein. Our data show that decreasing intracellular ROS, by using a general antioxidant
(NAC) or an NADPH oxidase specific inhibitor (DPI), reduces the expression of HO-1.
Similarly, HO-1 protein levels are diminished when the NADPH oxidase is more
specifically targeting using knocking down strategies directed towards p47phox or Rac1.
Moreover, dominant negative and chemical means for targeting Rac1 also decrease HO-1
protein expression. Collectively, these data prompt the clinical development of direct or
indirect inhibitors of the Nox2 and/or HO-1.
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Figure 1. HO-1 expression is BCR-ABL1-dependent in vivo and is heightened in CML blast
crisis specimens
(A). HO-1 protein expression is increased in blast-crisis CML. A tissue microarray
containing bone marrow specimens from 10 chronic-phase patients, 8 accelerated-phase
patients, and 17 blastic-phase patients, were stained using a HO-1 specific antibody. Two
representative patients who were followed from chronic phase to blastic phase are shown in
A. (B) Graphical representation of the percentage of patients with a significant number
(>20% positive) of HO-1-positive cells. (C) HO-1 mRNA is upregulated in an animal model
for CML. HO-1 mRNA expression was examined by qualitative RT-PCR using HO-1-
specific primers in GFP-sorted cells from a recipient mouse transplanted with MigR1-GFP-
BCR-ABL1 transduced bone marrow from a donor mouse. Transplant efficiency was
verified by BCR-ABL1 and β-actin amplification.
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Figure 2. HO-1 expression is BCR-ABL1-dependent in vitro
(A) HO-1 protein is upregulated in TonB cells expressing BCR-ABL1 protein. TonB210
cells stably expressing a tetracycline inducible BCR-ABL1 expression vector were treated
with 1 μg/mL doxycycline for 12 h, 24 h, 36 h, or 48 h and p210 BCR-ABL1 and HO-1
protein expression was monitored by Western blot. β-actin was used as a loading control.
(B) HO-1 is upregulated in imatinib sensitive and imatinib resistant CML cell lines. HO-1
protein expression was examined by Western blotting in imatinib sensitive K562 cells and
BCR-ABL1 mutation independent imatinib resistant K562 cells (K562-STI) and in BaF3
cells transduced with empty vector, wild type BCR-ABL1 (BaF3-p210) or the T315I or
E255K imatinib resistant mutant forms of BCR-ABL1 (BaF3-T315I; BaF3-E255K,
respectively). Images shown are representative of three independent experiments.
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Figure 3. Inhibition of ROS diminishes HO-1 protein expression
(A) Lower levels of intracellular peroxides in K562 cells treated with NAC or DPI.
Histogram representation of flow cytometric data of DCF fluorescence, indicating
intracellular peroxide levels, after treatment with 24 mM NAC (upper histogram) or 30 μM
DPI (lower histogram). (B) ROS blockade using NAC or diphenylene iodonium (DPI; a
NADPH oxidase inhibitor) causes a decrease in HO-1 protein expression. K562 cells were
treated for 24 h with either diluent, 24 mM NAC or 30 μM DPI and HO-1 protein
expression was monitored by Western blotting.
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Figure 4. Chemical inhibition of the NADPH oxidase results in a greater decrease in intracellular
ROS
BaF3-p210 expressing cells were treated with 30 μM DPI for 4 hrs, 10 nM wortmannin for
4 hrs, or 1 μM rotenone for 1 hr. Histogram (A) and graphical (B) representation of
intracellular peroxide levels measured by quantification of DCF fluorescence by flow
cytometry. (C) Comparison of p47phox protein expression in total cell lysates from BaF3-
vector and BaF3-p210 cells by Western blot. The * indicates a non-specific cross-reacting
band. β-actin was used as a loading control and densitometry was performed using ImageJ
software.
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Figure 5. Targeting the NADPH oxidase through Rac1 or p47phox influences HO-1 expression
(A) Rac1 knockdown affects HO-1 protein level. BaF3-p210 expressing cells were
transfected with control or Rac1 specific shRNA and Rac1 and HO-1 protein levels were
monitored in total cell lystates by Western blot using Rac1 and HO-1 antibodies,
respectively. (B) Rac1 was inhibited by transfection of a dominant-negative Rac1 construct
(Rac1N.17-myc). HO-1 and dominant-negative Rac1 expression was evaluated in total cell
lysates by Western blot using HO-1 and myc specific antibodies, respectively. (C) BaF3-
p210 expressing cells were treated for 48 hours with increasing doses of the Rac1 inhibitor,
NSC23766, and HO-1 protein expression monitored by Western blot. (D) BaF3-p210
expressing cells were transfected with control or p47phox specific siRNA and HO-1 protein
levels were monitored in total cell lystates by Western blot. Knockdown efficiency was
evaluated in the same lysates using p47phox specific antibodies. The * indicates a non-
specific cross-reacting band. β-actin was used as a loading control for all Western blots and
densitometry was performed using ImageJ software.
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Figure 6. NOX inhibition selectively inhibits CML viability and increases imatinib sensitivity
(A) BaF3 cells transduced with BCR-ABL1 (p210) or vector were treated with increasing
doses of NSC23766 for 24 hours. Viability was measured using trypan blue exclusion. (B)
K562 cells were treated with increasing doses of DPI or NSC23766 for 24 hours and cellular
proliferation was measured by counting cells using a hemacytometer. The p-value is only
shown for the lowest dose found to be significant however, all higher doses also have p <
0.05. (C) K562 cells were treated with imatinib alone (white bars) or in combination with
the IC50 dose (89.9 μM) of NSC23766 (black bars) for 48 hours. Cells were stained with
propidium iodide and DNA fragmentation was measured by flow cytometry. All data
represent the mean and standard error of the mean of three individual experiments. P < 0.05
was considered significant.
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Figure 7. Model for BCR-ABL1 regulation of HO-1 protein expression
BCR-ABL1 regulates Nox2, perhaps through upregulation of p47phox, which increases
ROS and leads to elevated levels of HO-1. Inhibition of Nox2, through targeting p47phox or
Rac1, decreases the expression of HO-1 suggesting a viable therapeutic target in the
treatment of CML.
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Table 1
Characteristics of CML patient specimens

HO-1
Expression

Phase and
specimen #

Blast
immunophenotype Additional cytogenetic abnormalities

Negative AP1 NIB 46,der(9)inv(9)(p11q12)
der(22)t(9;22),
47,idem,+der(22)t(9;22)
48,idem,+8,+der(22)t(9;22),49,idem,+8,+18,+d
er(22)t(9;22)

AP4 NIB None

AP5 NIB 47,+8

AP7 NIB 47,t(7;21)(q32;q22),+8,i(17)(q10)

BP5 Myeloid None

BP6 Myeloid None

BP17 B-lymphoid None

Positive AP1 Myeloid (11%) 47,+8
iso(17)(q10)

AP2 NIB 45,−7
47,+8

AP6 NIB t(15;20)(p10;p10)

AP8 NIB 46,del(4)(q23q35),add(6)(p23),del(6)(p11.2)

BP1 Myeloid None

BP2 Myeloid 45,−7,
45,del(6)(q12),−7

BP3 B-lymphoid 43-46,−7,−8,i(9)(q10),−13,
−17,−21,+der(22)t(9;22),+mar

BP4 Myeloid 47,t(7;21)(q32;q22),+8, i(17)(q10)

BP7 B-lymphoid None

BP8 B-lymphoid None

BP9 ND ND

BP10 Myeloid ND

BP11 Myeloid 48,+8,+der(22)t(9;22)
47,+8,

BP12 Myeloid 48,+8,+der(22)t(9;22)

BP13 B-lymphoid None

BP14 ND 49,+5,+6,del(7)(p13p15),del(9)(p21),+21
46-
49,+del(6)(q15q25),del(7)(p13p15),del(9)(p21)
,der(9)add(9)(p13)t(9;22)(q34;q11.2),+21,der(
22)t(9;22),+mar

BP15 B-lymphoid 49,+5,+6,der(9)t(9;22)(q34;q11.2),+21,der(22)t
(9;22)add(22)(q11.2)

BP16 B-lymphoid 49,+5,+6,der(9)t(9;22)(q34;q11.2),+21,der(22)t
(9;22)add(22)(q11.2)

Note: Chronic phase specimens do not contain blasts or harbor additional chromosomal abnormalities. NIB = No increase in blasts, ND = not
determined, AP = Accelerated phase, BP = Blastic phase
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