As4S4 targets RING-type E3 ligase c-CBL to
induce degradation of BCR-ABL in chronic
myelogenous leukemia
Jian-Hua Maoa,1, Xiao-Yan Sunb,1, Jian-Xiang Liua,1, Qun-Ye Zhanga, Ping Liua, Qiu-Hua Huanga, Keqin Kathy Lia,
Quan Chenb, Zhu Chena,2, and Sai-Juan Chena,2
a
State Key Laboratory of Medical Genomics, Shanghai Institute of Hematology, Rui Jin Hospital Afﬁliated to Shanghai Jiao Tong University School of
Medicine, Shanghai 200025, China; and bState Key Laboratory of Biomembrane and Membrane Biotechnology, Laboratory of Apoptosis and Cancer Biology,
Institute of Zoology, Chinese Academy of Sciences, Beijing 100101, China

Contributed by Zhu Chen, November 8, 2010 (sent for review September 10, 2010)

C

hronic myelogenous leukemia (CML) is a clonal malignant
disease with a characteristic BCR-ABL fusion protein possessing sustained tyrosine kinase activity (1–3). The tyrosine kinase inhibitor (TKI) imatinib has been used with remarkable
effects in CML therapy, but resistance and relapse tend to develop
after long-term administration (4–6). Arsenic compounds, including arsenic trioxide (As2O3) and arsenic sulﬁde (As4S4), were
used to treat leukemia in the mid-19th century (7). Over the past
3 decades these compounds have been used with great success in
the treatment of acute promyelocytic leukemia (APL) (8, 9). In
search of new alternatives to overcome resistance to TKIs, we
tested the combinatorial effect of As4S4 and imatinib in a CML
setting. The two agents were found to work synergistically in
inhibiting BCR-ABL kinase activity, inducing apoptosis of K562
cells and prolonging survival of CML mice (10, 11). BCR-ABL
degradation through the ubiquitin–proteasome pathway was observed after arsenic treatment, but the molecular events leading to
BCR-ABL ubiquitination and degradation remained unclear.
Conjugation of ubiquitin to substrate proteins is mediated by
a series of enzymes (12, 13). E3 ligases play a key role in the determination of the speciﬁcity and destination of ubiquitinated
substrate proteins. Identiﬁcation of a speciﬁc E3 ligase for BCRABL should be crucial to understanding the molecular mechanisms of BCR-ABL degradation. Previous studies reported that
c-CBL (Casitas B-lineage lymphoma) functioned as E3 ligase for
a series of receptor/protein tyrosine kinases (14–20). In addition,
direct interaction between c-CBL and BCR-ABL was suggested
(21). c-CBL has a highly conserved N terminus consisting of a tyrosine kinase binding (TKB) domain and a RING ﬁnger (RF)
domain, both reportedly being required for its E3 ligase activity
(22–24). The TKB domain mediates binding to substrate proteins,
whereas the RF domain associates with ubiquitin conjugating
enzyme E2 and catalyzes transfer of ubiquitin molecules to substrates. The less-conserved C terminus of c-CBL harbors prolinerich regions and a ubiquitin-associated domain. In this context, we
www.pnas.org/cgi/doi/10.1073/pnas.1016311108

explored the molecular mechanisms by which arsenic induces
proteolysis of BCR-ABL.
Results
c-CBL Could Associate with BCR-ABL in a Multiprotein Complex.

Previous studies suggested that arsenic could activate some molecules in the ubiquitin–proteasome pathway (11, 25). In an attempt to reveal the E3 ligase mediating BCR-ABL ubiquitination,
we used immunoprecipitation (IP)-2D nano-HPLC-MS/MS on
CML-derived K562 cells and 293T cells transfected with BCRABL-GFP construct for cataloging proteins potentially associated
with the oncoprotein. A number of ubiquitin–proteasome-related
proteins were identiﬁed in puriﬁed precipitates, isolated by virtue
of speciﬁc antibodies, which contained BCR-ABL (Table S1). Of
these molecules, c-CBL attracted our attention because it belongs
to the CBL family of E3 ligase and is up-regulated by arsenic (Fig.
1A). The interaction between c-CBL and BCR-ABL was conﬁrmed in transfected cells, K562 cells, and imatinib-resistant
K562-R cells (Fig. 1B). This observation prompted us to speculate
that c-CBL might serve as E3 ligase for BCR-ABL.
As4S4 Up-regulated c-CBL and Induced BCR-ABL Degradation. When
K562 cells were treated with As4S4 (2 μM), transcriptional expression changes of neither BCR-ABL nor c-CBL were detected.
In contrast, at the protein level, BCR-ABL decreased and c-CBL
increased upon effect of arsenic. The modulation of BCR-ABL
and c-CBL both started at approximately 8 h after treatment with
As4S4 and proceeded in a time-dependent fashion (Fig. 1A, Top
and Middle). Similar changes of BCR-ABL and c-CBL, as well as
apoptosis could also be demonstrated in K562-resistant (R) cells
treated with As4S4 (2 μM) alone or with imatinib (2 μM) (Fig. 1A,
Bottom, and Fig. S1). The apparently simultaneous but opposite
changes provided a ﬁrst clue for a possible causal relationship
between the fates of the two proteins. To validate the presumption
that c-CBL might mediate arsenic-induced proteolysis of BCRABL, we overexpressed c-CBL in K562 cells. Indeed, a downregulation of BCR-ABL was observed (Fig. 1C). We then designed
ﬁve different siRNA sequences to target the expression of c-CBL
(Fig. S2) and chose the siRNA with the best silencing effect to
establish c-CBL knockdown stable K562 cell lines. Interestingly,
down-regulation of c-CBL in K562 cells resulted in increased
BCR-ABL (Fig. 1D), suggesting the involvement of c-CBL in
regulation of BCR-ABL turnover. In addition, when we treated the
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Arsenic, a curative agent for acute promyelocytic leukemia, induces
cell apoptosis and degradation of BCR-ABL in chronic myelogenous
leukemia (CML). We demonstrated that ubiquitination and degradation of BCR-ABL was mediated by c-CBL, a RING-type E3 ligase that
was also shown to be involved in ubiquitination for many other
receptor/protein tyrosine kinases. Our data showed that c-CBL
protein was considerably up-regulated by arsenic sulﬁde (As4S4).
Interestingly, arsenic directly bound the RING ﬁnger domain of
c-CBL to inhibit its self-ubiquitination/degradation without interfering with the enhancement of ubiquitination and subsequent proteolysis of its substrate BCR-ABL. Degradation of BCR-ABL due to
c-CBL induction as a result of arsenic treatment was also observed
in vivo in CML mice. These ﬁndings provide insight into the molecular mechanisms of arsenic and further support its therapeutic applications in CML in combination with tyrosine kinase inhibitors and
potentially also in other malignancies involving aberrant receptor/
protein tyrosine kinase signaling.

Fig. 1. c-CBL expression and BCR-ABL modulation. (A) RTPCR and Western blot of BCR-ABL (Top) and c-CBL (Middle)
in K562 cells, and Western blot of BCR-ABL and c-CBL
(Bottom) in K562-R cells. (B) Wild-type BCR-ABL and c-CBL
cotransfected into 293T cells. c-CBL was immunoprecipitated by anti-Flag (M2) antibody, and BCR-ABL was blotted
by GFP antibody (Upper Left), or BCR-ABL immunoprecipitated by GFP antibody and c-CBL blotted by anti-Flag
(M2) antibody (Upper Right). Lower: Interaction of endogenous BCR-ABL and c-CBL in K562 and K562-R cells
treated with or without (Con) 2 μM of arsenic for 4 h. Co-IP
was performed using anti–c-CBL antibody and Western
blot with anti–c-CBL and anti-BCR antibodies in K562 cells.
(C) Western blot of c-CBL and BCR-ABL in K562 cells overexpressing c-CBL. (D) RT-PCR (Upper) and Western blot
(Lower) of c-CBL and BCR-ABL in K562 cells with stable cCBL siRNA. (E) Western blot (Upper) and gray scan (Lower)
of BCR-ABL in K562 cells. Gray value (y-axis) represents
density of BCR-ABL bands in Western blot. R, ratio of gray
values before and after arsenic treatment. GAPDH was
used as internal control. K562, cells without transfection; AS,
As4S4; Vec, K562 cells transfected with empty vector; c-CBL,
K562 cells transfected with c-CBL; NC, negative control with
scramble siRNA; Cont., control without As4S4 treatment.

c-CBL knockdown K562 cells with As4S4, the degradation of BCRABL was signiﬁcantly compromised (Fig. 1E).
c-CBL Mediates Ubiquitination of BCR-ABL at K1517. To determine
whether c-CBL represented a bona ﬁde E3 ligase for BCR-ABL,
we conducted an in vitro ubiquitination assay with relevant components. Migr1-BCR-ABL-GFP and pFlag-CMV4-c-CBL were
transfected into 293T cells. IP was performed with GFP and Flag
antibodies. The puriﬁed precipitates were used as substrate and E3
ligase, respectively. Moreover, because previous studies demonstrated that the G306 of TKB domain and the C381 of RF domain of

c-CBL were essential for E3 ligase function (23), two single mutants,
G306E(M1) and C381A(M2), as well as a double mutant, G306E/
C381A (M1+2) (Fig. 2A), were also prepared to test whether loss of
c-CBL enzymatic activity would affect BCR-ABL ubiquitination.
As expected, when wild-type c-CBL was added (Fig. 2Bi, right-most
lane), ubiquitination of BCR-ABL increased signiﬁcantly compared with that without c-CBL (middle lane). Nevertheless, when
c-CBL mutants were used, markedly reduced ubiquitination of
BCR-ABL was observed (Fig. 2Bii). These data indicated that
c-CBL should play a major role in BCR-ABL ubiquitination. We
also determined the topology of BCR-ABL ubiquitination using

Fig. 2. Ubiquitination of BCR-ABL by
c-CBL. (A) Schematic domain structure
of human c-CBL. (B) BCR-ABL ubiquitination by c-CBL in in vitro ubiquitination assay. BCR-ABL and c-CBL
were transfected into 293T cells using
Migr1-BCR-ABL-GFP and pFlag-CMV4c-CBL expression vectors and puriﬁed
by using anti-GFP and anti-M2 beads,
respectively. Ubiquitinated BCR-ABL
was detected by Western blot with
anti-FK2 antibody (Upper) to show
polyubiquitinated protein and BCRABL (Lower). In vitro ubiquitination of
BCR-ABL using (i) wild-type c-CBL, (ii)
mutant c-CBL, (iii) K48R mutant ubiquitin, and (iv) in vitro ubiquitination
assay using BCR-ABL or BSA as substrate immune-blotted with ubiquitin
antibody (FK2 IB) or BCR antibody
(BCR IB). (C) Wild-type or mutant (M1,
G306E; M2, C381A) c-CBL was overexpressed in K562 cells. c-CBL and
BCR-ABL proteins were examined by
Western blot. Cell morphology of
nontransfected (K562) and c-CBL
transfected K562 (c-CBL) cells was
checked with Wright’s staining under
microscope (Lower). (D) IP using anti-BCR antibody in nontransfected K562 cells (K), scramble siRNA negative control (NC), and c-CBL siRNA stable K562 cell line
(CBL). Ubiquitination of BCR-ABL was examined by Western blot using anti-FK2 antibody. (E) Immunoﬂuorescence for colocalization of BCR-ABL and 20Sα6 after
adding As4S4 and proteasome inhibitor MG132 in K562 cells. (Scale bars, 10 μm.)
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Fig. 3. Identiﬁcation of ubiquitination site(s) in BCRABL. (A) MS/MS and database search identiﬁed a GGK signal on the peptide fragment containing amino
acids 1511–1517 of BCR-ABL. (B) Identiﬁcation by MS
of BCR-ABL ubiquitination site mediated by c-CBL. (C)
Upper: Schematic structure of BCR-ABL; arrowheads
indicate lysines that may conjugate ubiquitin molecules. (Lower) GFP-tagged BCR-ABL or its mutants
were transfected into 293T cells and puriﬁed by GFP
antibody. Puriﬁed BCR-ABL or its mutant proteins
were used as substrate, and puriﬁed c-CBL as E3 ligase
in in vitro ubiquitination assay. M1–5 indicate K-R
mutations at each site; 5M indicates mutation of all of
ﬁve lysines.

sence of c-CBL could be regarded as c-CBL speciﬁc. In K562 cells
with scramble siRNA, a peptide fragment containing K1517 of
BCR-ABL [P210, corresponding to K616 of human ABL (UniProtKB/Swiss-Prot P00519)] gave a GG-K ubiquitin-modiﬁcation
signal (Fig. 3A). MS/MS analysis showed that K1517 of BCR-ABL
was the ubiquitinated residue (Fig. 3B). In support of this result, in
vitro assay showed that BCR-ABL K1517R mutant but not the four
other lysine-arginine (K-R) mutants (K39R, K213R, K795R, and
K1990R) generated abrogated ubiquitination, whereas mutation of
all ﬁve lysine residues (5M) displayed approximately the same
results as did K1517R (Fig. 3C), suggesting K1517 as a major lysine
targeted by c-CBL.
As4S4 Inhibited c-CBL Self-ubiquitination and Degradation. Because
As4S4 up-regulated c-CBL, we examined the catabolic properties of
this E3 ligase using inhibitors against the caspases (Z-VAD-FMK),
lysosome (chloroquine or NH4Cl), and proteasome (MG132)
pathways. MG132, but not the other inhibitors, caused an obvious
increase of c-CBL (Fig. 4A and Fig. S3), suggesting c-CBL itself
could be degraded mainly in the context of the proteasome system.
Because arsenic was previously reported to activate proteasome
activity (25), we checked the protein level of 20Sα6, the major
component of proteasome complex. A slight increase of 20Sα6
after arsenic treatment was observed (Fig. 4B), excluding the pos-

Fig. 4. Inhibition of c-CBL self-ubiquitination upon
As4S4. (A) K562 cells were treated with lysosome
inhibitor chloroquine (100 μM), broad-spectrum
caspase inhibitor Z-VAD-FMK (50 μM), or proteasome inhibitor MG132 (5 μM), and 2 μM of As4S4. cCBL protein was examined by Western blot. (B)
Western blot of 20Sα6 after As4S4 treatment. (C)
K562 cells were treated with cycloheximide (CHX,
100 μg/mL) with or without As4S4 (2 μM) or MG132 (5
μM) before treatment for 4 h. Western blot was
performed with anti–c-CBL antibody. (D) pFlagCMV4-c-CBL was transfected into 293T cells. Overexpressed c-CBL was puriﬁed and used as both substrate and E3 ligase. Self-ubiquitination of c-CBL was
checked by Western blot using anti-FK2 antibody.
AS, As4S4 added into the in vitro ubiquitination
system; c-CBL+AS, As4S4 (2 μM for 4 h) added to the
pFlag-CMV4-c-CBL transfected 293T cells. (E) pFlagCMV4-c-CBL was transfected into 293T cells, which
were treated with MG132 (5 μM for 4 h) and then
with As4S4 (2 μM for 4 h) before harvesting. c-CBL
was puriﬁed from cell extract using anti-Flag (M2)
beads, and Western blot was performed to check
ubiquitination of c-CBL using anti-FK2 antibody. (F)
K562 cells were treated with MG132 and As4S4 in a similar way to that for 293T cells. c-CBL was puriﬁed using c-CBL antibody. Western blot was performed
using anti-FK2 antibody. (G) MS/MS identiﬁed the ubiquitination site(s) on c-CBL. The peptide fragment containing amino acids 383–392 had a GG-K signal.
(H) c-CBL or its mutants were used as substrate in in vitro ubiquitination assay with wild-type c-CBL. (I) Puriﬁed c-CBL or its mutant (K389R) were used as E3
ligase, and puriﬁed BCR-ABL as substrate in in vitro ubiquitination assay. AS, As4S4; 382, K382R; 389, K389R; 392, K392R.
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a K48R mutant ubiquitin, which exhibited diminished BCR-ABL
ubiquitination (Fig. 2Biii), suggesting that ubiquitin ligation of
BCR-ABL occurred mostly at K48 of ubiquitin, tagging BCR-ABL
to the proteasome for degradation. When BCR-ABL was replaced
by BSA, a minimal level of ubiquitination was detectable (Fig. 2Biv),
indicating a relative substrate speciﬁcity of c-CBL.
To conﬁrm the E3 ligase function of c-CBL for endogenous
BCR-ABL, wild-type and mutant c-CBL constructs were transfected into K562 cells. Notably, cells expressing mutant c-CBL
showed reduced degradation of BCR-ABL as compared with
those with wild-type c-CBL expression. Apoptosis of K562 cells
was also observed with overexpression of wild-type c-CBL (Fig.
2C). On the other hand, c-CBL knockdown in K562 cells led to
marked inhibition of BCR-ABL ubiquitination (Fig. 2D). Colocalization of BCR-ABL with 20S proteasome core α6 subunit was
demonstrated in immunoﬂuorescence assay (Fig. 2E), providing
evidence that ubiquitinated BCR-ABL was indeed targeted to the
proteasome for degradation.
Next, we addressed the ubiquitination site(s) on BCR-ABL by
using IP-2D nano-HPLC-MS/MS in c-CBL siRNA or scramble
siRNA transfected K562 cells. The advantage of this approach
could be that the only differences between the two cell types should
result from the expression levels of c-CBL. Thus the ubiquitination
site(s) modiﬁed in the presence of c-CBL but unaltered in the ab-

sibility that arsenic-induced c-CBL increase was due to inhibition of
the proteasome. The protein synthesis inhibitor cycloheximide
(CHX) blocked c-CBL synthesis and resulted in gradual decrease
of the protein, whereas As4S4 or MG132 stabilized c-CBL in the
presence of CHX (Fig. 4C). On the other hand, in vitro assay
demonstrated that c-CBL underwent self-ubiquitination, as previously described (26, 27), and this process was inhibited by As4S4
(Fig. 4D). Arsenic treatment of 293T cells overexpressing c-CBL
and K562 cells provided further evidence supporting this effect of
arsenic (Fig. 4 E and F).
We subsequently tried to identify the ubiquitination site(s) of
c-CBL. In puriﬁed c-CBL from 293T cells transfected with Flagc-CBL, IP-2D nano-HPLC-MS/MS detected a peptide fragment
containing K389 of c-CBL with a GG-K signal (Fig. 4G). A series
of c-CBL mutants—K382R, K389R, and K392R—was then generated and tested in ubiquitination assays. Only K389R exhibited
abrogation of c-CBL self-ubiquitination in in vitro assay (Fig. 4H),
consistent with MS analysis. Importantly, K389R mutation did not
affect the E3 ligase activity of c-CBL toward BCR-ABL substrate
(Fig. 4I). The positions of K389 and the cysteines/histidine residues
coordinating metal binding in RF domain and the TKB domain of
c-CBL are shown in Fig. 5C. The structural simulation also demonstrates the interaction interfaces between c-CBL, the associated
E2 conjugase UbcH7, and the substrate ABL (Fig. 5C).
Arsenic Targeted c-CBL Through Direct Binding of RF Domain. It was
recently reported that arsenic bound the RF domain of promyelocytic leukemia (PML), affecting its stability (28, 29). This
prompted us to investigate whether As4S4 might target c-CBL in
a similar manner. HeLa cells were transfected with EGFP-c-CBL
construct and treated with ReAsH, a labeled organic arsenic
compound. Confocal microscopy showed that c-CBL and ReAsH
colocalized in the cytoplasm (Fig. 5A). Using the organic arsenic
p-aminophenylarsine oxide (PAPAO) labeled with biotin (BiotinAs) to treat 293T cells overexpressing c-CBL, followed by co-IP
performed with streptavidin-agarose beads, we showed a direct
binding of arsenic with c-CBL (Fig. 5B). The speciﬁcity of this
binding was conﬁrmed through applying unlabeled arsenic compounds (Fig. 5B). The RF domain was indispensable for the
interaction because its deletion (ΔRF) completely abrogated arsenic binding (Fig. 5B, Right). Mutation C381A in RF almost

abolished arsenic binding, suggesting C381 as a critical binding
site, which was supported by modeling of the 3D structure of the
RF domain of c-CBL (Fig. 5C). Control analysis showed absence
of arsenic binding to RARα but a binding to PML as previously
reported (28).
Arsenic Modulated c-CBL and BCR-ABL in in Vivo CML Setting. Finally,
we used a previously well-documented CML mouse model (11) to
evaluate the in vivo effect of As4S4 on the fate of both c-CBL and
BCR-ABL proteins. Migr1-BCR-ABL-IRES-GFP expression
plasmid was transfected into bone marrow (BM) cells from donor
mice pretreated with 5-ﬂuorouracil. BCR-ABL–expressing BM
cells were selected and transplanted to recipient. GFP expression
in peripheral blood (PB) was determined using ﬂow cytometry to
monitor disease development (Fig. 6A). As4S4 (10 mg/kg per day)
was administered on the ﬁfth day after transplantation. c-CBL and
BCR-ABL expression was examined in spleen cells when GFP
levels in PB cells showed signiﬁcant differences between As4S4
treatment and placebo (treated with normal saline) groups. c-CBL
was much lower in BCR-ABL–expressing cells compared with
control mice (Fig. 6B). Arsenic treatment increased c-CBL to
a level comparable to that in control mice and a degradation of
BCR-ABL (Fig. 6B). Both c-CBL and BCR-ABL changes were
detected at the protein but not mRNA level. To clarify whether in
vivo changes of c-CBL and BCR-ABL occurred within leukemic
cells or resulted from reduced number of BCR-ABL–expressing
cells, in vitro culture of spleen cells from CML mice and of mouse
32D hematopoietic progenitor cells with stable transfection of
BCR-ABL was conducted (Fig. 6 C and D). After treatment with
As4S4, a signiﬁcant increase of c-CBL and a reduction of BCRABL were observed in both culture systems. In addition, BM
CD34+ cells were obtained from CML patients and normal individuals with informed consent, cultured in vitro, and analyzed
before and after As4S4 treatment. As shown in Fig. 6E, c-CBL
expression was lower in BM CD34+ cells from CML cases compared with controls, and arsenic treatment led to elevated c-CBL
and decreased BCR-ABL.

Discussion
Arsenic compounds were used in disease treatment thousands of
years ago (30), but their therapeutic value has been revived only

Fig. 5. Arsenic binding of the RF domain
of c-CBL. (A) Colocalization of c-CBL with
arsenic in HeLa cells. EGFP-c-CBL or EGFP-cCBL-ΔRF were introduced into HeLa cells,
which were treated with MG132 (5 μM for
4 h) before adding ReAsH. (Scale bars, 10
μm.) (B) Wild-type c-CBL, c-CBL-ΔRF, or c-CBL
(C381A) were transfected and treated with
biotin-labeled PAPAO (Biotin-As), while IP
and IB were performed using streptavidin
agarose and c-CBL antibody. As4S4 (AS),
As2O3 (ATO), and PAPAO were unlabeled.
PML and RARα were used as positive and
negative controls, respectively. (C) Structure
simulation for interaction of c-CBL (TKB and
RF), ABL (TyrKC, SH2, and SH3), and UbcH7
according to the structures of Protein Data
Bank ID 1OPL and 1FBV (43, 44). The TyrKC
domain of ABL is in deep cyan, SH2 domain
in cyan, and SH3 domain in pale cyan. The
TKB domain of c-CBL is in green, RF domain
in blue, the two zinc ions are shown as red
spheres, C381 of c-CBL is shown in yellow,
and K389 in orange. UbcH7 is in red. Right:
The RF domain and its adjacent protein parts
are highlighted, with amino acid sequence
of the RF domain at the bottom. The cysteine/histidine residues coordinating with zinc
ions are in light purple, K389 in orange.

21686 | www.pnas.org/cgi/doi/10.1073/pnas.1016311108

Mao et al.

recently owing to the success in APL (8, 9). As2O3 in combination
with all-trans retinoic acid can achieve 5-year event-free survival
in 90% of APL patients (9). Studies have shown that arsenic
induces sumoylation and ubiquitination and subsequent degradation of the oncoprotein PML-RARα (31). Arsenic was also
shown to induce down-regulation of BCR-ABL and apoptosis of
CML cells (10, 11). Here we demonstrated that arsenic treatment
led to up-regulation of c-CBL and degradation of BCR-ABL
proteins at both cell (including K562-R cells) and organism levels.
Furthermore, overexpression of c-CBL in CML cells alone induced degradation of BCR-ABL, whereas c-CBL knockdown led
to increased BCR-ABL, in agreement with the study in mouse
embryonic ﬁbroblasts (32). In c-CBL knockdown K562 cells, As4S4
failed to induce ubiquitination and degradation of BCR-ABL,
suggesting c-CBL as a mediator of the arsenic effect. In support of
this, when c-CBL−/− genetic background was introduced into BCRABL transgenic mice, CML animals exhibited a signiﬁcantly lower
survival rate (33). Arsenic up-regulated c-CBL to impair viability of
neoplastic cells not only in CML but also in APL and gastric cancer
(34). c-CBL mutations or defects in expression have been identiﬁed in human AML (35, 36), whereas wild-type c-CBL could rescue these defects, suggesting its tumor suppressor property.
Imatinib and second-generation TKIs have been successful in
treating CML, but long-term use often leads to resistance and
relapse (6). Instead of inhibiting tyrosine kinase activity, arsenic
exerts its effects through the ubiquitin–proteasome pathway that
ultimately leads to degradation of the kinase. Imatinib mainly
targets dividing cells but not CML leukemia initiating cells (LICs),
one of the reasons for relapse after withdrawal. Arsenic has been
shown to be able to target CML LICs by inducing PML degradation (37). Our previous study also suggested a synergistic effect
of As4S4 and imatinib to induce apoptosis of CML cells, inhibit
BCR-ABL tyrosine kinase activity, and increase survival time of
CML mice (10, 11). The combination of arsenic and TKIs may
hold promise for a more effective curative approach for CML.
c-CBL exerts its functions either through E3 ligase activity or as
an adaptor to recruit other molecules. In this work, we provided
evidence that c-CBL was an E3 ligase for BCR-ABL. Of note,
c-CBL also serves as E3 ligase for a number of receptor/protein
tyrosine kinases, aberrant signaling of which is frequently involved
in malignancies (4, 5, 20, 38–40). Mutations of these tyrosine
kinases disrupting interaction with c-CBL have been reported to
play important roles in malignant transformation (41). c-CBL
mutations have also been identiﬁed in multiple cancers (35, 36, 40).
Mao et al.

These properties of c-CBL suggest it may serve as a unique therapeutic target for cancers associated with uncontrolled tyrosine
kinase activity.
The demonstration of a self-ubiquitination site at K389 of
c-CBL should be of interest in that K389R mutation abolished
self-ubiquitination but not the E3 ligase activity toward BCR-ABL
substrate. Comparison of RF domains between PML and c-CBL
indicates conservation of critical cysteines/histidine residues. Although arsenic binds the RF of c-CBL in a similar manner to what
it does in PML, the agent generates distinct outcomes of the two
target proteins: ubiquitination of c-CBL is inhibited, contrary to
PML, whose sumoylation/ubiquitination is promoted. Because
arsenic tends to coordinate with three cysteines, whereas zinc does
with four cysteine/histidine residues, it is possible that binding of
c-CBL by arsenic leads to conformational alterations in local
protein structure that in turn may block ubiquitin conjugation at
K389, which is located within a loop just between the two coordinating arsenic ions. Modeling of the protein complex containing ABL (TyrKC, SH2, and SH3), c-CBL (TKB and RF), and
UbcH7 suggests that a consensus sequence in the kinase catalytic
domain of BCR-ABL makes direct contacts with the TKB, on the
opposite side of the RF domain of c-CBL. This model provides
a possible explanation that subtle structural changes of the RF
domain of c-CBL by arsenic binding are less likely to affect its
direct interaction with BCR-ABL (Fig. 5C). On the other hand,
interaction with E2 ubiquitin conjugating enzyme UbcH7 may be
changed because the interaction interface lies largely in the RF
domain (Fig. 5C). Enhanced interaction among components of
this complex may promote ubiquitination of BCR-ABL. It is interesting to note that another RF domain-containing E3 ligase,
SIAH1, was also capable of binding arsenic (Fig. S4). It is to be
explored whether other proteins with homologous RF may be
targeted by arsenic, as well as how arsenic regulates functions of
these proteins under different pathophysiological circumstances.
Materials and Methods
Reagents and Antibodies. As4S4 and MG132 (Calbiochem) were prepared as
previously described (10). Antibodies used for IP and/or Western blotting include anti-ABL (k-12), anti-BCR (N-20) (Santa Cruz Biotechnology), anti-ABL
(ab16905), anti-GFP (ab290) (Abcam), anti-ubiquitin (FK2) mouse monoclonal
antibody (Afﬁnity Research Products), and anti–c-CBL (BD Transduction Laboratories). Protein A and Protein G Sepharose 4 fast ﬂow (GE Healthcare) were
used to purify immunoprecipitates. ReAsH-EDT2 (ReAsH) was purchased from
Sigma-Aldrich.
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Fig. 6. Up-regulation of c-CBL in CML mice and
CD34+ cells of CML patients by As4S4. (A) White
blood cell (WBC) counts, GFP-positive cells in PB, and
liver/body or spleen/body weight ratios of mice
measured 13 d after As4S4 treatment. Control, mice
transplanted with cells transfected with empty vector (n = 4); Placebo, CML mice treated with normal
saline (n = 13); AS, CML mice treated with As4S4 (n =
14). (B) RT-PCR and Western blot of c-CBL and BCRABL in spleen cells from mice with or without As4S4
treatment. (C) Western blot of c-CBL and BCR-ABL in
spleen cells from CML mice treated with As4S4 in
vitro. (D) RT-PCR (Upper) and Western blot (Lower)
of BCR-ABL and c-CBL in 32D cells with stable BCRABL transfection. (E) Western blot of c-CBL and BCRABL in CML patients’ CD34+ cells treated with As4S4
in vitro. SP, spleen; 32D, 32D cells without BCR-ABL
transfection; 32D-BA, 32D cells with stable BCR-ABL
transfection.

Cell Culture, Transfection, IP, and Western Blot. K562 cell line was cultured in
RPMI 1640 supplemented with 10% FBS (HyClone). The imatinib-resistant cell
line K562-R was described previously (42). 293T and HeLa cells from ATCC were
cultured in DMEM with 10% FBS. K562 cells were transfected by electroporation using the Amaxa Nucleofector system. 293T and HeLa cells were
transfected using Superfect (Qiagen). Both K562 and 293T cells were subject to
IP with anti-BCR and anti-GFP or anti-Flag (M2) antibodies. Western blot was
performed with anti-FK2, anti–c-CBL, or anti-ABL antibodies as previously
described (11).

Immunoﬂuorescence. K562 cells were treated with As4S4 and MG132, smeared
on slides, ﬁxed for 10 min, and incubated with anti-ABL and anti-20Sα6 antibodies. HeLa cells stably expressing EGFP-c-CBL or its mutant were treated with
MG132 before adding 5 μM of ReAsH. Immunoﬂuorescence was performed as
previously described (28). Images were captured using a laser scanning confocal microscope with LSM5 Pascal software (Zeiss, Jena, Germany).
Streptavidin Agarose Afﬁnity Assay. Streptavidin agarose afﬁnity assay was
performed as previously described (28).

IP-2D-Nano-HPLC-MALDI-MS/MS. The immune complex was incubated with
100 mM DTT and 400 mM iodoacetamide for 30 min in dark. The sample was
precipitated and digested overnight with trypsin at 37 °C. 2D-nano HPLC was
performed using a workstation (Shimadzu) and analyzed using a 4700 mass
spectrometer (ABI).

BCR-ABL Mouse Model and CD34+ BM Cells from CML Patients. Mouse CML
model was established as previously reported (11). Mice were randomized and
treated with As4S4 (10 mg/kg/d; vena caudalis injection) or normal saline. BM
of CML patients who had not received treatment were obtained with informed consent according to institutional guidelines. CD34+ cells were selected (Miltenyi Biotech) and cultured as previously described (10).

In Vitro Ubiquitination Assay. 293T cells were transfected with BCR-ABL wild
type or its mutants, together with c-CBL and its mutants. The puriﬁed proteins
were used as substrate or E3 ligase in vitro ubiquitination assay. The reaction
mixture contains 50 mM Tris-HCl (PH 7.4), 2 mM DTT, 2 mM ATP (BostonBiochem), 50 ng E1 (Calbiochem), 400 ng E2 (UbcH7; BostonBiochem), 40 ng
puriﬁed c-CBL or its mutant, 50 ng BCR-ABL or BSA, and 2 μg Flag-Ub or K48R-Ub
(BostonBiochem). The reaction mixture was incubated at 37 °C for 3 to 4 h and
terminated by boiling in 2× SDS loading buffer for 10 min and assayed using
Western blot.
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