
Phosphorylation Impacts N-end Rule Degradation of the
Proteolytically Activated Form of BMX Kinase*

Received for publication, May 10, 2016, and in revised form, August 24, 2016 Published, JBC Papers in Press, September 6, 2016, DOI 10.1074/jbc.M116.737387

Mohamed A. Eldeeb‡1 and Richard P. Fahlman‡§2

From the Departments of ‡Biochemistry and §Oncology, University of Alberta, Edmonton, Alberta T6J 2H7, Canada

Cellular signaling leading to the initiation of apoptosis typi-
cally results in the activation of caspases, which in turn leads to
the proteolytic generation of protein fragments with new or
altered cellular functions. Increasing numbers of reports are
demonstrating that the activity of many of these proteolytically
activated protein fragments can be attenuated by their selective
degradation by the N-end rule pathway. Here we report the first
evidence that selective degradation of a caspase product by the
N-end rule pathway can be modulated by phosphorylation. We
demonstrate that the pro-apoptotic fragment of the bone mar-
row kinase on chromosome X (BMX) generated by caspase
cleavage in the prostate cancer-derived PC3 cell line is metabol-
ically unstable in cells because its N-terminal tryptophan targets
it for proteasomal degradation via the N-end rule pathway. In
addition, we have demonstrated that phosphorylation of tyro-
sine 566 relatively inhibits degradation of the C-terminal BMX
catalytic fragment, and this phosphorylation is crucial for its
pro-apoptotic function. Overall, our results demonstrate that
cleaved BMX is a novel N-end rule substrate, and its degradation
exhibits a novel interplay between substrate phosphorylation
and N-end rule degradation, revealing an increasing complex
regulatory network of apoptotic proteolytic signaling cascades.

Bone marrow kinase on chromosome X (BMX) is a member
of the Tec non-receptor tyrosine kinase family that also
includes BTK, ITK, TEC, and TXK (1– 4). Members of this fam-
ily share a modular structure, including an N-terminal pleck-
strin homology domain, a Tec homology domain, Src homo-
logy 2 and 3 (SH2 and SH3)3 domains, and a C-terminal
catalytic kinase domain (5). Although there is tissue-specific
expression of several of the Tec family kinases, BMX is
expressed in a variety of tissues and cell types, in contrast to
what is implied by its name. BMX expression has been observed
in epithelial cells, endothelial cells, cells of hematopoietic ori-
gins, and various prostate cancer cell lines (5–7).

Investigations have revealed that BMX plays pivotal roles in
signaling for diverse cellular processes, such as cell differentia-
tion, stem cell renewal, proliferation, and transformation (1, 5,
8, 9). BMX is involved in IL-6-induced neuroendocrine differ-
entiation and neuropeptide-induced androgen-independent
growth of prostate cancer cells (7). Additionally, BMX has been
linked to Src-induced transformation of epithelial cells and
fibroblasts via activation of STAT3 and to the transformation of
human mammary epithelial cancer cells through activation of
Pak1 (5, 10).

BMX activity has been reported to have what appear to be
contradictory roles in cell survival and apoptosis. The BMX
kinase has been shown to play a protective role against radia-
tion-induced apoptosis in prostate cancer, nasopharyngeal car-
cinoma, and breast cancer cells (7, 11–13). However, it has also
been reported that the BMX kinase can mediate a pro-apopto-
tic function as well (14, 15). How BMX kinase plays such a
paradoxical role in cell survival has been attributed, at least in
part, to the proteolytic activation of BMX kinase during apo-
ptosis. For example, during apoptosis in PC3 prostate cancer
cells, BMX kinase is cleaved by caspases after Asp-242, gener-
ating an active truncated BMX�N kinase containing the com-
plete SH2 and tyrosine kinase domains but lacking the intact
pleckstrin homology and SH3 domains (15). The truncated
BMX�N has been shown to exhibit increased kinase activity
and sensitizes prostate cancer cells toward apoptosis in
response to various apoptosis-inducing stimuli (15). Although
the function of the cleaved BMX�N has been investigated, the
stability of this protein fragment and the role of the neo-N ter-
mini generated by proteolysis have never been investigated.

Here we report the first study on the interplay and role of
N-end rule-mediated degradation and phosphorylation in
BMX�N metabolic stability and drug-induced apoptosis in
prostate cancer cells. The N-end rule pathway is one branch of
N terminus-dependent protein degradation (16 –18). We have
determined that the pro-apoptotic BMX�N fragment is unsta-
ble in cells because its N-terminal tryptophan targets it for pro-
teasomal degradation via the N-end rule pathway. Additionally,
we have demonstrated that the metabolic stabilization of
BMX�N, either through the mutation of the destabilizing
N-terminal amino acid to a stabilizing residue or via the inhibi-
tion of the N-end rule E3 ubiquitin ligases UBR1 and UBR2,
augments the apoptosis-inducing effect of docetaxel in prostate
cancer cells. Interestingly, we also determined that phosphory-
lation at tyrosine 566 of BMX�N inhibits its degradation by the
N-end rule pathway, and this phosphorylation is also crucial for
its pro-apoptotic function.
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Results and Discussion

BMX Is Proteolytically Cleaved in Docetaxel-treated PC3
Cells to Generate the Pro-apoptotic BMX�N Fragment—Pro-
teolytic generation of BMX�N by caspase cleavage was
reported over a decade ago (15), where cleavage releases the
C-terminal BMX�N fragment (amino acids 243– 675) contain-
ing part of the SH3 domain, the SH2 domain, and the kinase
domain of the protein. To investigate this BMX�N fragment,
we constructed plasmids to express either the full-length BMX
kinase with a C-terminal 3�FLAG tag or a ubiquitin (Ub)-
BMX�N 3�FLAG tag fusion protein as schematically shown in
Fig. 1A. The Ub-BMX�N fusion mirrors the caspase-cleaved
form of the BMX kinase as endogenous ubiquitin hydrolases
proteolytically remove the N-terminal ubiquitin to expose the
N-terminal tryptophan. Both constructs were expressed in the
androgen-independent PC3 prostate cancer cell line via elec-
troporation. The cells expressing the full-length BMX were also
treated with 10 nM docetaxel (or DMSO control), a chemother-
apeutic that induces cell death in PC3 cancer cells by inducing
mitotic catastrophe and caspase-dependent apoptosis (19 –21).
As predicted, expression of the Ub-BMX�N fusion construct
results in a protein fragment with an electrophoretic mobility,
of an approximate molecular mass of 50 kDa, that matches that
of the docetaxel-induced caspase-cleaved form of the full-
length BMX kinase (Fig. 1B).

Increased Apoptosis Sensitivity in BMX�N-expressing Cells—
Previous investigations have reported that the proteolytic
removal of the N-terminal domain of the BMX kinase produces
a catalytically active protein fragment, BMX�N, which sensi-
tizes PC3 cells toward Fas ligand-induced apoptosis (15). To
verify whether this enhanced sensitivity also applies to
docetaxel treatment, we investigated the effects of expressing
full-length BMX and BMX�N on docetaxel-induced cell death
in PC3 cells. PC3 cells transfected to express either full-length
BMX, BMX�N, or a vector control were treated with 0 –20 nM

docetaxel for 48 h, upon which the cells were evaluated for
viability by a trypan blue exclusion staining assay and counted
on an automated counter. As shown in Fig. 1B, there was no
difference in cell viability when expressing either BMX con-
struct when no docetaxel was present. In agreement with the
previous investigation, reduced cell viability was observed in

FIGURE 1. Protease-dependent generation of BMX�N. A, schematic depic-
tion of the generation of BMX�N by either caspase cleavage after Asp-242 or
as a ubiquitin fusion to generate BMX�N with an N-terminal tryptophan. PH,
pleckstrin homology domain. B, transient transfection with BMX-FLAG or
Ub-BMX�N-FLAG in PC3 cells. After transfection, the cells were treated with
10 nM docetaxel or left untreated before lysis and analysis by SDS-PAGE and
Western blotting (WB) analysis with an anti-FLAG antibody. WB analysis
reveals that docetaxel treatment results in cleavage of full-length BMX, which
results in a cleaved product with electrophoretic mobility identical to that of
BMX�N. C, PC3 cells were transfected with plasmids to express full-length
BMX (light gray bars), BMX�N (dark gray bars), or a vector control (white bars).
Cells were then treated with the indicated concentrations of docetaxel for
48 h and then assayed for viability using trypan blue staining. The data rep-
resent the average and S.D. (error bars) from three independent experiments,
and p values were derived from paired two-tailed t tests. D, FACS analysis of
docetaxel-treated PC3 cells. PC3 cells were transfected with the indicated
expression plasmids and then left untreated or were treated with 10 nM

docetaxel for 48 h. The percentage of cells that were only stained with
annexin V (dark gray) or with both annexin V and propidium iodide (light gray)
are shown. The data represent the average and S.D. from three independent
experiments, and p values were derived from paired two-tailed t tests.
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the BMX�N-expressing cells in the presence of 10 or 20 nM

docetaxel (Fig. 1C). An analogous experiment was also per-
formed in the presence or absence of 10 nM docetaxel and was
analyzed by FACS after annexin V and propidium iodide (PI)
staining. The data in Fig. 1D concur with the data from trypan
blue staining, where the cells expressing BMX�N exhibited
increased annexin V-positive cells (dark gray) and double-pos-
itive cells stained for both PI and annexin V (light gray) when
treated with docetaxel. Again the data reveal no observable cell
death, versus vector control, when BMX�N is expressed in the
absence of docetaxel. Together, our data indicate that the
expression of BMX�N enhances drug-induced apoptosis in
PC3 cells but is not toxic in untreated or unstressed cells, as was
previously observed for cells treated with Fas ligand (15).

BMX�N Is Unstable and Is Degraded by the Proteasome—
The proteolytic generation of BMX�N gives rise to an N-ter-
minal tryptophan, the reported specificity of the N-end rule
pathway (22) predicts that this protein fragment will be unsta-
ble in cells, but the stability of BMX�N has never previously
been investigated.

The stability of both full-length BMX and BMX�N was
investigated by expressing the proteins in PC3 cells and then
adding cycloheximide (CHX) to the cells to block protein syn-
thesis. Cells were then lysed at 0, 1, and 4 h after the addition of
CHX, and the amounts of protein present were relatively quan-
tified by Western blotting analysis after resolving the samples
by SDS-PAGE. The data in Fig. 2A demonstrate that the full-
length BMX protein was stable, whereas BMX�N was degraded
over the 4-h time course. Western blotting analysis for actin
was performed to verify equal protein loading on the gel. This is
the first demonstration that BMX�N is unstable in cells.

To verify that BMX�N degradation is via the proteasome, we
investigated whether the addition of a proteasome inhibitor,
MG132, inhibits degradation. The stability of BMX�N in PC3
cells was investigated in the presence or absence 5 �M MG132.
The data in Fig. 2B reveal that the addition of MG132 to the
cells stabilized BMX�N in contrast to the DMSO control.
Together, the data demonstrate that the BMX�N protein frag-
ment is unstable and is degraded by the proteasome.

The N-end Rule Targets BMX�N to the Proteasome for
Degradation—Because the proteolytic generation of BMX�N
exposes an N-terminal tryptophan residue, we hypothesized
that it is targeted to the proteasome for degradation by the
components of the N-end rule pathway (16). The N-end rule
pathway is a protein degradation pathway that recognizes pro-
teins with a specific destabilizing N-terminal residues and then
ubiquitinates these proteins for proteasome-dependent degra-
dation (16). In eukaryotes, the primary N-terminal destabilizing
residues are classified into positively charged amino acids (type
I), such as Arg and Lys, or bulky hydrophobic residues (type II),
such as Trp and Tyr. Because BMX�N has an N-terminal tryp-
tophan (a type II destabilizing residue), we investigated whether
the N-end rule pathway targets BMX�N for degradation.

To investigate the potential for N-end rule degradation, we
created a couple of BMX�N N-terminal mutants where the Trp
was mutated to either Val or Arg. If BMX�N is degraded via the
N-end rule pathway, an N-terminal Val would be predicted to
stabilize BMX�N because this is a stabilizing N terminus (16).

Mutating Trp to Arg, a type I destabilizing residue, is predicted
to continue to render BMX�N unstable (16). The wild type
BMX�N and the two N-terminal mutants were expressed in
PC3 cells, and the stability of the proteins was investigated after
the addition of CHX to the cells. As predicted, the N-terminal
Val mutant was stabilized (Fig. 2C), and the N-terminal Arg
mutant remained unstable. This finding is in agreement with
the hypothesis that BMX�N is degraded by the N-end rule
pathway.

To rule out the possibility that the BMX�N degradation is
specific to the androgen-independent prostate cancer cell line
PC3, we also investigated the degradation of wild type BMX�N,
Val-BMX�N, and Arg-BMX�N in the androgen-dependent
prostate cancer cell line, LNCaP, and the unrelated HEK293T
cell line. Despite the presence of some cell-specific differ-
ences in the actual rates of degradation, the overall trends of
N terminus-dependent degradation were identical (Fig. 2C).

Selective degradation via the N-end rule pathway involves
the recognition of the N-terminal destabilizing residue on the
substrate protein by the UBR protein domain containing E3
ubiquitin ligases. The mammalian UBR E3 ubiquitin ligases
have two key recognition domains, the UBR box domain and
the N-domain, which function independently as recognition
domains for either type I or type II N-terminal destabilizing
residues, respectively (22). To verify that BMX�N is a bona fide
N-end rule substrate, we verified that its degradation was de-
pendent on these E3 ubiquitin ligases. We investigated the two
functionally redundant E3 ubiquitin ligases UBR1 and UBR2,
because they play an important role in recognition of type II
N-terminal destabilizing residues in mammals (22). BMX�N
was expressed in PC3 cells stably expressing control shRNAs, a
mixture of shRNAs to target both UBR1 and UBR2, or vector
control cells. The simultaneous knockdown of both UBR1 and
UBR2 by shRNA expression was verified by Western blotting
analysis for endogenous UBR1 (Fig. 2D) and UBR2 (Fig. 2E).
The stability of BMX�N was then investigated in these cells
after treatment with CHX. Fig. 2F reveals that the simultaneous
knockdown of UBR1 and UBR2 inhibits the degradation of
BMX�N, whereas the protein is still rapidly degraded in either
the shRNA control-expressing cells or the vector control cells.
This result parallels what we have observed for the caspase-
cleaved form of the Lyn kinase, which is targeted for degrada-
tion by the N-end rule pathway (23). This finding along with the
stability of the N-terminal mutants above is strong evidence
that BMX�N is an N-end rule substrate.

Inhibition of Degradation of BMX�N by the UBR Inhibitor—
The N-domains of UBR1 and UBR2, which are structurally and
functionally homologous to the bacterial ClpS protein (24), rec-
ognize N termini with hydrophobic destabilizing residues, such
as tryptophan. A recent investigation has reported that some
phenylalanine derivatives can inhibit the recognition and deg-
radation of an N-end rule model substrate, nsP4, with an N-ter-
minal Tyr in rabbit reticulocyte lysates (25). We investigated
whether one of the compounds identified in this study, L-phe-
nylalaninamide (Phe-NH3), can inhibit the degradation of
BMX�N in living cells. The stability of BMX�N and four dif-
ferent N-terminal mutants, which included Tyr (type I), Lys
(type II), Arg (type II), and Val (stabilizing), was investigated in
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PC3 cells in the presence and absence of Phe-NH3. The data in
Fig. 2G reveal that when cells are pretreated with Phe-NH3,
only the degradation of BMX�N with type II destabilizing N
termini (Trp and Tyr) are inhibited. Degradation of BMX�N
mutants with type I N termini (Arg and Lys) is unaffected by
Phe-NH3, and the N-terminal Val mutant remains stable.
Although not a potent inhibitor, these are the first data that
verify the use of Phe-NH3 to selectively inhibit the degradation
of proteins with type II N termini in cultured cells. The results
for the different methods to inhibit the N-end rule (N termini
mutations, shRNA knockdown of UBR1 and UBR2, or pharma-
cological inhibition with Phe-NH3) are all in agreement with a

model where BMX�N is targeted for N-rule degradation by the
UBR1 and UBR2 E3 ligases.

The Role of the N-end Rule in BMX�N-induced Sensitivity to
Apoptosis—Given the degradation of BMX�N by the N-end
rule, we investigated the impact of degradation on its pro-apo-
ptotic function. PC3 cells stably expressing shRNAs targeting
UBR1 and UBR2 or shRNA controls were transfected with
either a vector control or plasmids to express either wild type
BMX�N or the stable N-terminal Val-BMX�N mutant. After
the transfection, the cells were treated with 10 nM docetaxel for
48 h and then investigated by trypan blue staining to quantify
cell viability. The data in Fig. 3A reveal that stabilizing BMX�N

FIGURE 2. BMX�N is degraded by the N-end rule pathway. A, the stability of full-length BMX and BMX�N was determined in transfected PC3 cells by treating
the cells with 100 �g/ml CHX, to block protein synthesis, and then the cell cell lysates were analyzed by WB analysis at the indicated times. An anti-FLAG
antibody was used to detect BMX, and an anti-actin antibody was used as a loading control. B, stability of BMX�N was investigated in PC3 cells in the presence
and absence of MG132 (10 �M) and analyzed as in A. C, wild type BMX�N with N-terminal tryptophan (type II destabilizing N termini) and N-terminal mutants
of arginine (type I destabilizing N termini) and valine (stabilizing N termini) were transfected into the cell lines indicated, and BMX�N stability was determined
as described in A. D, verification of shRNA knockdown of UBR1 in F by WB analysis with an anti-UBR1 antibody. E, verification of shRNA knockdown of UBR2 in
F by WB analysis with an anti-UBR2 antibody. F, stability of BMX�N was visualized in PC3 cells that also expressed shRNAs targeting UBR1 and UBR2, control
shRNAs, or a pcDNA 3.1 vector control. G, stability of wild type BMX�N and the listed N-terminal mutants in the presence and absence of 200 �M Phe-NH3
(preincubated for 4 h before the addition of CHX), an inhibitor reported to block the degradation of type II N termini while not affecting the degradation of
proteins with type I N termini.
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by the N-terminal valine mutation increased the sensitivity of
the cells to docetaxel. When BMX�N and Val-BMX�N were
expressed in UBR1/2 knockdown cells, the sensitivity to
docetaxel was essentially the same. Together, the data suggest
that BMX�N results in lower docetaxel sensitivity than the Val-
BMX�N mutant as a result of its degradation.

A more detailed investigation of the effect of stabilizing
BMX�N on apoptosis was done by cell staining and FACS anal-
ysis. PC3 cells were transfected with wild type BMX�N, the
stable N-terminal Val-BMX�N mutant, or a vector control.

The cells were then treated with 5 or 10 nM docetaxel for 48 h
and then stained with PI and annexin V before FACS analysis.
The data in Fig. 3B reveal that stabilizing BMX�N with the
valine N-terminal mutation results in increased numbers of
annexin V (dark gray) and PI-annexin V doubly labeled (light
gray) cells at both docetaxel concentrations when compared
with wild type BMX�N. The presence of the increased amounts
of both early and late apoptotic cells upon docetaxel treatment
when BMX�N is stabilized indicates that the N-end rule is
attenuating the pro-apoptotic activity of BMX�N. As already
mentioned above, despite its instability, wild type BMX�N
expression also leads to increased docetaxel sensitivity in Fig.
3B when compared with the vector control. The difference
between the wild type BMX�N and vector control indicates
that even in the presence of active N-end rule degradation of
BMX�N, it can still function as a pro-apoptotic molecule.

The N-end Rule Impacts Apoptosis—Our data on cell viability
also reveal that UBR1 and UBR2 exhibit a BMX�N-indepen-
dent influence on apoptosis. The data in Fig. 3A reveal a differ-
ence in docetaxel sensitivity between the UBR1/2 knockdown
cells versus the shRNA control cells, even when BMX�N is not
expressed. Although we have not further investigated this
observation, this finding is in agreement with previous reports.
Specifically, UBR1/UBR2 knock-out mouse embryonic fibro-
blasts were shown to be hypersensitive to apoptosis-inducing
agents, such as UV or staurosporine, a kinase inhibitor known
to induce apoptotic cell death (26). Second, mouse spermato-
cytes that lack UBR2 ligase undergo apoptosis during meiosis,
which eventually leads to male infertility (27).

N-end Rule Degradation of Caspase-generated BMX�N—In
addition to studying the degradation of BMX�N using the
recombinant ubiquitin fusion constructs, we investigated
whether caspase-mediated generation of BMX�N from full-
length BMX kinase in PC3 cells is accompanied by degradation
by the N-end rule pathway. PC3 cells were transfected to
express full-length BMX or a W243V mutant. Caspase cleavage
of the W243V mutant will generate the stable Val-BMX�N
variant. After 24 h, the cells were treated with 10 nM doctaxel
for 48 h, upon which cleavage of BMX is observed (Fig. 4A).
When Z-VAD-fmk, a pan-caspase inhibitor (28), was added for
2 h to halt the ongoing production of BMX�N by caspase cleav-
age of full-length BMX, a decrease in BMX�N was observed
(Fig. 4A). This Z-VAD-fmk-dependent reduction in BMX�N is
hypothesized to be a result of N-end rule degradation and, as
predicted, is inhibited by the addition of MG132 or UBR1/2
shRNA knockdown. The Z-VAD-fmk-dependent drop in
BMX�N is also not observed with the W243V mutant, which is
in agreement with N-end rule degradation because the result-
ing BMX�N with a valine N-terminal residue is predicted to be
stable.

To investigate whether N-end rule degradation of caspase-
generated BMX�N impacts cell viability, PC3 cells expressing
either full-length wild type or W243V BMX were treated with
docetaxel for 48 h and assayed for cell viability by trypan blue
staining (Fig. 4B). As shown, the expression of full-length wild
type BMX had no measurable impact on cell viability, similar to
what was also demonstrated above by FACS analysis (Fig. 1D).
In contrast, when the W243V BMX mutant was expressed, a

FIGURE 3. BMX�N stability and the N-end rule influencing apoptosis. A,
PC3 cells expressing control or UBR1/2 targeting shRNAs were transfected to
express either wild type BMX�N, the valine N-terminal mutant, or a vector
control. 24 h after transfection, cells were treated with 10 nM docetaxel for
48 h. The cells were then analyzed by trypan blue staining. The data represent
the average and S.D. (error bars) from three independent experiments, and p
values were determined from paired two-tailed t tests. B, FACS analysis of
docetaxel treated PC3 cells. PC3 cells were transfected to express either wild
type BMX�N, the valine N-terminal mutant, or a vector control. Cells were
then treated with the indicated concentrations of docetaxel for 48 h. Cells
were then analyzed by FACS for annexin V and propidium iodine staining. The
percentage of cells that were stained with either annexin V (dark gray) or
doubly labeled with both annexin V and propidium iodide (gray) are indi-
cated. The data represent the average and S.D. from three independent
experiments and p values were derived from paired two-tailed t tests.
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statistically significant decrease in cell viability was observed
upon docetaxel treatment (Fig. 4B). A parsimonious interpre-
tation for this data is that whereas BMX�N generated by
caspase cleavage has the potential to be pro-apoptotic, the
active degradation of this fragment by the N-end rule pathway
effectively counters this function.

N-end Rule Degradation of Endogenous BMX�N Generated
by Caspase Cleavage—To investigate whether BMX�N gener-
ated from caspase cleavage of endogenous BMX was similarly
targeted for degradation by the N-end rule, the following exper-
iment was performed. PC3 cells expressing the UBR1/2
shRNAs (or control shRNAs) were treated with 10 nM docetaxel
for 48 h to induce apoptosis and BMX cleavage (Fig. 4C). As
described above, Z-VAD-fmk was utilized to prevent the ongo-
ing formation of BMX�N after docetaxel treatment. 3 h after
the addition of Z-VAD-fmk, the cells were then also harvested
for Western blotting analysis (Fig. 4C). The data in Fig. 4C
reveal that treatment of the cells with docetaxel results in the
formation of BMX�N from endogenous BMX in both the con-
trol and UBR1/2 knockdown cells. When the cells were then
treated with Z-VAD-fmk, the BMX�N fragment disappeared
in the control shRNA-expressing cells, as was observed for
recombinant full-length BMX (Fig. 4A). In contrast, when the
UBR1/2 knockdown cells are similarly treated, BMX�N
remains present after the addition of Z-VAD-fmk. This is in
agreement with our model that BMX�N is stabilized in the
absence of UBR1 and UBR2. In sum, the data support a model
where the caspase-mediated cleavage of endogenous BMX
kinase generates a cleaved fragment that is a bona fide N-end
rule substrate in cells.

Catalytic Activity of BMX�N Is Dispensable for Deg-
radation—With the pro-apoptotic role for BMX�N, we next
investigated roles for its catalytic activity in both protein deg-
radation and docetaxel sensitivity. An inactivating mutation
(K455R), as described previously (15), was introduced into the
wild type ubiquitin-BMX�N construct. The stability of the wild
type and K455R mutant BMX�N was then investigated. The
data in Figs. 5A and 6E do not reveal an observable difference in
the stabilities of the proteins, leading to the conclusion that
BMX�N activity was not required for its degradation. Concom-
itantly, further analysis reveals that the abrogation of the cata-
lytic activity of BMX�N does not impact the stability of long
lived mutant Val-BMX�N (Fig. 5A).

In contrast to protein degradation, the catalytic activity of
BMX�N is essential for its pro-apoptotic function. This is dem-
onstrated in Fig. 5B, where expression of the kinase-dead
BMX�N (K455R) mutant in PC3 cells results in the same cell
viability after docetaxel treatment as the vector control. In con-
trast to this is the decreased viability upon docetaxel treatment,
when cells are expressing either the wild type or the stable Val-

FIGURE 4. Cleavage of full-length recombinant or endogenous BMX and
C-terminal fragment degradation. A, PC3 cells that stably express either
shRNAs targeting UBR1 and UBR2 or shRNA controls were transfected to
express full-length BMX (top) or the W243V mutant BMX. 24 h after transfec-
tion, the cells were either untreated or treated with 10 nM docetaxel for 48 h.
The indicated samples were also treated with MG132 or Z-VAD-fmk. The pan-
caspase inhibitor Z-VAD-fmk was added, for 2 h, to the indicated samples to
prevent ongoing formation of BMX�N by continued caspase activity. West-
ern blotting analysis of cell lysates from the resulting experiments was per-
formed to detect BMX and BMX�N amounts, PARP, or an actin loading con-
trol. When Z-VAD-fmk was added to prevent the ongoing formation of
BMX�N, the disappearance of the C-terminal fragment is inhibited by knock-
down of UBR1/2 with shRNAs or the W243V mutation, which results in a
BMX�N fragment with a stabilizing valine N terminus. B, PC3 cells expressing
either recombinant full-length BMX or the W243V mutant were treated with
the indicated amounts of docetaxel for 48 h and then analyzed by trypan blue

staining. The data represent the average and S.D. (error bars) from three inde-
pendent experiments, and p values were determined from paired two-tailed
t tests. C, PC3 cells that stably express either shRNAs targeting UBR1 and UBR2
or shRNA controls were either untreated or treated with 10 nM docetaxel for
48 h to induce apoptosis. The pan-caspase inhibitor Z-VAD-fmk was added,
for 3 h, to the indicated samples after docetaxel to prevent ongoing forma-
tion of BMX�N by continued caspase activity. Western blotting analysis of cell
lysates from the resulting experiments was performed to detect endogenous
BMX and BMX�N resulting from caspase cleavage.
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BMX�N mutant. It is noteworthy that the expression of double
mutant Val-BMX�N (K455R) in PC3 cells also does not result
in a significant difference in cell death after docetaxel treatment
with respect to cells expressing vector control (Fig. 5B). This
finding has 2-fold consequences. First it precludes the possibil-
ity that the lack of pro-apoptotic activity by the K455R mutant
is a simple result of its instability, because the K455R mutant
does not exhibit pro-apoptotic activity when it is stabilized with
an N-terminal valine. Second, it further confirms the pivotal
role of catalytic activity of BMX�N in mediating its pro-apo-
ptotic function in PC3 cells upon docetaxel treatment.

After the induction of apoptotic cell death in mammalian
cells, proteases, such as caspases and calpains, cleave a large
number of proteins (29). A number of cleaved fragments have
pro-apoptotic activity (i.e. they can amplify apoptosis signaling,
presumably via participating in positive feedback loops). For
instance, cleaved RIPK1 enhances caspase activation (30, 31),

and cleaved BAX augments the mitochondrial outer membrane
permeability (32). Our findings with BMX�N reveal that
whereas the catalytic activity of the kinase is required for its
function in a positive feedback loop for apoptotic signaling, this
activity is being attenuated by the N-end rule, as has been
observed for proteolytic products of RIPK1 and LIMK1 (26).

Phosphorylation of BMX�N—Given the observation that the
BMX�N fragment migrates as a 50 kDa doublet of bands in our
Western blotting analysis of both recombinant and endoge-
nous BMX�N (Fig. 4, A and C), we hypothesized that this dou-
blet is a result of a posttranslational modification, such as phos-
phorylation. The observation of a doublet also suggests that the
modification is incomplete and that BMX�N exists in both
modified and unmodified populations.

To address this possibility of phosphorylation, �-phospha-
tase treatment was performed with cell lysate from PC3 cells
where the wild type BMX�N was expressed. As opposed to the
untreated control, the data in Fig. 6A reveal a single band upon
phosphatase treatment. To further investigate BMX�N phos-
phorylation, wild type BMX�N was expressed in PC3 cells
treated with 1 �M staurosporine, a nonspecific kinase inhibitor
(33), for 30 min. As seen in Fig. 6B, staurosporine treatment
culminated in a relative accumulation of the lower band, pre-
sumably the non-phosphorylated band, of the doublet as well as
a reduction in the net level of BMX�N, which may be presum-
ably attributed to its phosphorylation-inhibitory effect and the
consequences for BMX�N metabolic stability. Crucially, to fur-
ther demonstrate the role of phosphorylation in the regulation
of BMX�N doublet band turnover, BMX�N was again
expressed in PC3 cells that were either untreated or treated
with 1 �M sodium orthovanadate, a tyrosine phosphatase inhib-
itor (34), for 1 h. After the sodium orthovanadate preincuba-
tion, CHX was added to the cells to monitor BMX�N stability.
Fig. 6C reveals that pretreatment with the phosphatase inhibi-
tor, when compared with the untreated control, leads to the
accumulation of the upper band of the doublet, presumably the
phosphorylated form of BMX�N. Additionally, the data in Fig.
6C reveal that sodium orthovanadate treatment stabilizes
BMX�N, where the upper, presumably phosphorylated, band
persists even at the 3 h time point after CHX treatment. From
this finding, it appears that the phosphorylated form of
BMX�N is degraded more slowly, but at this point, we cannot
rule out the possibility of secondary indirect cellular effects of
the phosphatase inhibitor. Nonetheless, the data with �-phos-
phatase, staurosporine, and sodium orthovanadate strongly
suggest that the BMX�N doublet observed by Western blotting
is a result of phosphorylation. The presence of the doublet with
the kinase-dead mutant (Fig. 5A) indicates that this phosphor-
ylation is not a result of autophosphorylation by the proteolyti-
cally activated BMX�N kinase.

BMX�N Phosphorylation at Tyrosine 566 —Previous reports
identified that BMX phosphorylation at Tyr-566, within the
activation loop, is essential for full-length BMX kinase activity
(1, 5, 35, 36). This highly conserved tyrosine residue has been
shown to be activated by Src family kinases and is required for
subsequent full-length BMX autophosphorylation (5, 37). To
investigate whether potential Tyr-566 phosphorylation plays a
role in BMX�N degradation and docetaxel sensitization, a non-

FIGURE 5. BMX�N kinase activity is required for its pro-apoptotic activity.
A, wild type (top) and the N-terminal valine mutant (bottom) BMX�N along
with their corresponding kinase inactive mutants (K455R) were expressed in
PC3 cells. The stability of the proteins was investigated by treating the cells
with 100 �g/ml CHX and collecting lysates at the indicated times. The lysates
were resolved by SDS-PAGE, and the amount of protein remaining was deter-
mined by WB analysis with either an anti-FLAG or anti-actin antibody. B, PC3
cells were transfected to express the indicated BMX variants. Cells were then
treated with 10 nM docetaxel for 48 h and were evaluated for viability by
staining with trypan blue. The data represent the average and S.D. (error bars)
from three independent experiments, and p values were derived from paired
two-tailed t tests.
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phosphorylatable mutation (Y566F) was introduced into the
ubiquitin-BMX�N fusion constructs. The wild type and Y566F
BMX�N constructs were transfected into PC3 cells investi-
gated for protein stability. The data in Fig. 5D reveal two essen-
tial points. First, the Y566F mutant is no longer observed as a
complete doublet band, and second, the Y566F mutant is more
rapidly degraded than wild type BMX�N. The quantified data
from at least three replicate experiments are shown in Fig. 6E.
Our interpretation of these data is that phosphorylation at Tyr-
566 is crucial for the formation of a complete doublet band
observed by Western blotting analysis. There may be additional
phosphorylations that occur after Tyr-566 phosphorylation,

but our current data cannot address this possibility. Autophos-
phorylation events are known to occur with the Tec family of
kinases after Src kinase phosphorylation of Tyr-566 (37), but in
BMX, both of these reported sites, Tyr-216 and Tyr-224, are
located in the N-terminal fragment that is removed by proteol-
ysis at Asp-242, so the presence of additional phosphorylation
sites in BMX�N remains undetermined.

Taken together, our data demonstrating increased degrada-
tion of Y566F BMX�N (Fig. 6, D and E) along with the reduced
degradation of wild type BMX�N in the presence of sodium
orthovanadate (Fig. 6C) are consistent with a model that phos-
phorylation of Tyr-566 inhibits BMX�N degradation. The sta-

FIGURE 6. BMX�N phosphorylation regulates its degradation and pro-apoptotic function. A, cell lysates from wild type BMX�N-expressing cells treated
with �-phosphatase (or untreated control) were subjected to SDS-PAGE and WB analysis with an anti-FLAG antibody to detect BMX�N. Phosphatase treatment
resulted in the loss of the band doublet. B, PC3 cells expressing BMX�N cells were treated with the kinase inhibitor staurosporine (1 �M) for 30 min before lysis
and WB analysis with an anti-FLAG antibody. C, the stability of wild type BMX�N was investigated in PC3 cells after a 60-min pretreatment with the phosphatase
inhibitor sodium orthovanadate (or untreated control). The stability of the proteins was investigated by treating the cells with 100 �g/ml CHX and collecting
lysates at the indicated times. The lysates were resolved by SDS-PAGE, and the amount of protein remaining was determined by WB analysis with either an
anti-FLAG or anti-actin antibody. D, wild type BMX�N, Y566F, and the valine N-terminal Y566F double mutant BMX�N were expressed in PC3 cells. The stability
of the proteins was determined as described for C. E, quantification of the degradation of wild type, K455R, Y566F, and valine N-terminal Y566F double mutant
BMX�N from a minimum of three individual experiments. The data were plotted to fit an apparent first order reaction to determine apparent rates and half-life.
The amounts remaining of each of the different mutants (wild type, K455R, Y566F, and valine N-terminal Y566F double mutant BMX�N) are quantified relative
to an actin loading control, where the rates of disappearance are depicted as follows: the Y566F BMX�N mutant (‚), the valine N-terminal Y566F double mutant
BMX�N (�), the wild type BMX�N (E) mutant, and the K455R mutant (�). F, stability of wild type BMX�N and the Y566F mutant was determined in the
presence and absence of 10 �M MG132 (left) or in UBR1 and UBR2 shRNA-expressing cells (right). In all cases for the Y566F mutant, the doublet band is no longer
observed. G, PC3 cells were transfected to express either BMX�N, the Y566F mutant, the valine N-terminal Y566F double mutant, or a vector control. 24 h after
transfection, the cells were treated with docetaxel for 48 h. The cells were then stained with trypan blue to quantify cell viability. The data represent the average
and S.D. (error bars) from three independent experiments, and p values were derived from paired two-tailed t tests.
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bility of a valine N-terminal mutant of the Y566F construct was
also investigated to ensure that the degradation of the Y566F
mutant was still a result of N-end rule degradation and not by
an alternative mechanism (Fig. 6, D and E).

To additionally verify that the inhibition of protein degrada-
tion by phosphorylation is up- or downstream on N-end rule
recognition, we evaluated the stability of wild type and the
Y566F BMX�N mutant in the presence of MG132 or upon
UBR1/2 shRNA knockdown. Fig. 6F reveals that both MG132
and shRNA knockdown of UBR1/2 inhibit degradation of both
wild type and the Y566F mutant BMX�N. Inhibition of degra-
dationuponUBR1/2knockdownsuggeststhatY566Fphosphor-
ylation prevents degradation via the N-end rule. Inhibition may
be at the point of substrate recognition or ubiquitination by
UBR1 and UBR2. This is the first demonstrated example of
phosphorylation regulating the recognition of a caspase proteo-
lytic product by the N-end rule pathway.

Given that the data for BMX�N generated by caspase cleav-
age of endogenous BMX also reveal the presence of the doublet
band (Fig. 4C), we believe this phosphorylation is not an exper-
imental artifact as a result of expressing BMX�N as a ubiquitin
fusion. What we cannot determine from our data is whether the
phosphorylation was already present in the full-length protein
or whether it occurs subsequent to cleavage.

With the Y566F being more rapidly degraded than wild type,
with half-lives of 0.55 and 1.5 h, respectively (Fig. 6E), we then
investigated the effect of its expression on docetaxel sensitivity.
Wild type, the Y566F mutant BMX�N, and a vector control
were transfected into PC3 cells, which were then evaluated for
viability by trypan blue staining after a 48-h treatment with 10
nM docetaxel. Fig. 6G reveals that the expression of the Y566F
mutant did not alter docetaxel sensitivity, in comparison with a
vector control. Wild type BMX�N expression again resulted in
increased docetaxel sensitivity. Moreover the data in Fig. 6G
rule out the possibility that the lack of pro-apoptotic activity by
the Y566F mutant was a simple result of its instability, because
the Y566F mutant did not exhibit pro-apoptotic activity when it
was stabilized with an N-terminal valine (Fig. 6G). Thus, like
full-lengthBMX,itappearsthatBMX�NrequiresTyr-566phos-
phorylation on the activation loop for activity. The specific
mechanism of how phosphorylation of Tyr-566 inhibits N-end
rule degradation remains to be determined. In addition, the
more rapid turnover of the Y566F mutant and the apparent
similar turnover of the BMX�N band doublets in all of our
experiments suggest that the cellular equilibrium of BMX�N
phosphorylation and dephosphorylation is probably rapid in
comparison with the time scale of BMX�N degradation.

Conclusions—Cross-talk between phosphorylation and
ubiquitin-dependent protein degradation plays a prominent
role in cellular signaling and may take many forms (38). Nota-
bly, phosphorylation can regulate protein ubiquitination and
degradation machinery via regulating the activity of E3-ubiqui-
tin ligases, as reported previously (39). Alternatively, the coor-
dinated targeting of a protein substrate by phosphorylation and
ubiquitin-dependent degradation provides another avenue of
cross-regulation (40). Although there are a number of examples
of how phosphorylation impacts, either positively or negatively,
target protein substrate degradation by the ubiquitin-protea-

some system (40, 41), herein we describe, to the best of our
knowledge, the first clear example of phosphorylation regulat-
ing recognition of a caspase proteolytic product by the N-end
rule degradation pathway, which was discovered about 3
decades ago (42). Although the impact on degradation is clear,
the mechanism of how phosphorylation at this internal residue
inhibits recognition and proteasome targeting by UBR1 and
UBR2 has yet to be determined. It remains unclear whether
degradation of the phosphorylated form of BMX�N is slower
or whether it must first be dephosphorylated before degrada-
tion (Fig. 7). Tellingly, it also remains to be determined whether
there are other phosphorylation sites that can play a role in the
regulation of stability of BMX�N. Future investigations may
identify potential mechanisms, such as the inhibition of recog-
nition of an essential lysine by the N-domain preventing
ubiquitination.

Overall, our findings have revealed an unforeseen interplay
between phosphorylation and N-end rule degradation of a
caspase product. Our observations are suggestive of increased
complexity of signaling networks. Although proteomics tech-
niques have identified examples of how phosphorylation can
regulate caspase cleavage (43), our data now demonstrate that
phosphorylation can also regulate the outcome of some caspase
products.

The degradation of the caspase-generated BMX�N is also a
novel example of a protease product generated upon the acti-
vation of the apoptotic program, which is actively degraded by
the N-end rule pathway. This emerging role for the N-end rule
pathway in attenuating the apoptotic program by degrading
proteolytically activated proteins (26, 44, 45) is revealing
this pathway to be a potential target to sensitize cells to cell
death-promoting therapies.

Experimental Procedures

Generation of Ubiquitin Fusion Cleaved BMX Expression
Vector—To express the cleaved BMX fragment, we cloned the
cleaved BMX as a fusion between an N-terminal ubiquitin and

FIGURE 7. Model for BMX�N degradation. Our proposed model is that the
caspase-generated BMX�N is recognized by the degenerate UBR1 and UBR2
E3 ubiquitin ligases. UBR1/2 recognize the N-terminal tryptophan of BMX�N,
which then ubiquitinates the protein, targeting it to the proteasome for deg-
radation and thus attenuating its pro-apoptotic function. Phosphorylation of
BMX�N at tyrosine 566 is required its pro-apoptotic function and relatively
inhibits its degradation by the N-end rule pathway. PH, pleckstrin homology
domain.

N-end Rule Degradation of the BMX Kinase

OCTOBER 21, 2016 • VOLUME 291 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 22765



C-terminal triple FLAG tag (3�FLAG) to generate a Ub-BMX-
FLAG pcDNA 3.1 vector, as we have described previously (45).
A cDNA clone (cloneID MHS1010-BC016652BE894841, Open
Biosystems) was used to clone the BMX sequence correspond-
ing to the caspase-3 cleavage site to the C-terminal end of the
protein, amino acids 243– 675. The final Ub-BMX-FLAG
pcDNA 3.1 vector was verified by DNA sequencing. The full-
length BMX was similarly cloned with a C-terminal 3�FLAG in
a pcDNA 3.1 plasmid.

Site-directed Mutagenesis—Mutagenesis of the codon for the
tryptophan corresponding to the N termini of the cleaved BMX
protein was performed by site-directed mutagenesis to change
the codon to Arg (CGG), Val (GTG), Tyr (TAC), or Lys (AAA).
Similarly, the kinase-dead form of cleaved BMX was obtained
through mutating lysine 455 in the putative ATP-binding site to
arginine (CGG) by site-directed mutagenesis. To prevent phos-
phorylation at tyrosine 566, this residue was mutated to Phe
(TTT). In full-length BMX-FLAG, tryptophan 243 was mutated
to valine (GTG) to change the neo-N termini after caspase
cleavage.

Cell Culture—HEK293T, PC3, and LNCaP cells were
obtained from the ATCC. The HEK293T cells were cultured in
DMEM supplemented with 10% FBS. PC3 cells were cultured in
DMEM/F-12 with 10% FBS, and LNCaP cells were cultured
in RPMI 1640 supplemented with 10% FBS.

Cell Transfection—HEK293T were transfected using the cal-
cium phosphate-based method. PC3 and LNCaP cells were
transfected using electroporation (Neon transfection system)
according to the manufacturer’s procedures. The transfection
efficiencies for the PC3 cells ranged from 55 to 75% between
experiments, as determined by transfecting with a GFP-ex-
pressing vector and FACS analysis. To ensure identical trans-
fection of samples in each well of a culture plate for protein
stability measurements and/or cell death measurements, a sin-
gle batch of cells was transfected with a single Neon tip and then
seeded into individual wells (equal number of cells/well) in a 12-
or 6-well plate.

Antibodies and Inhibitors—PARP antibody (catalog no.
9542) was purchased from Cell Signaling Technologies. Mouse
anti-FLAG M2 antibody (F1804) was purchased from Sigma.
Rabbit anti-�-actin (I-19, sc-1616-R), anti-UBR1 (sc-100626),
anti-UBR2 (sc-135594), and anti-BMX (sc-8874) were pur-
chased from Santa Cruz Biotechnology, Inc. Secondary anti-
bodies for Western blotting analysis (goat anti-mouse and goat
anti-rabbit) coupled to IRDyes� were purchased from LI-COR.

Protein Stability Assays and Western Blotting Analysis—24 h
after transfection, 5 � 105 cells were treated with 100 �g/ml
CHX for the indicated amounts of time. Cells were harvested
and then lysed in 150 �l of lysis buffer (50 mm Tris, pH 6.8, 8%
glycerol (v/v), 0.016% SDS (w/v), 0.125% �-mercaptoethanol
(v/v), 0.125% bromphenol blue (w/v), 1 mm PMSF, and 1 �g/ml
leupeptin). The samples were sonicated and then resolved by
SDS-PAGE on 10% gels along with Precision Plus All Blue pro-
tein prestained standards (Bio-Rad).

After SDS-PAGE, proteins were transferred onto nitrocellu-
lose membranes (LI-COR Biosciences). The membranes were
blocked with 2.5% fish skin gelatin (Truin Science) in 1� PBS
with 0.1% Triton X-100), probed with primary and secondary

antibodies, and imaged with an Odyssey� infrared imaging sys-
tem using the manufacturer’s recommended procedures
(LI-COR).

UBR1 and UBR2 shRNAs—Four UBR1 unique 29-mer
shRNA constructs in GFP-V-RS vectors (catalog no.
TG300681) were purchased from Origene. Four unique UBR2
29-mer shRNA constructs in RFP-C-RS vectors (catalog no.
TF300680) were also purchased from Origene. Because individ-
ual shRNA resulted in only moderate knockdown of either
UBR1 or UBR2, mixtures of the four shRNAs for each target
were empirically screened to obtain the maximal knockdown of
each protein. Specifically, the combinations of A, B, and C
(GFP-V-RS) and A, B, and D (RFP-C-RS) gave the most effec-
tive knockdowns. These six shRNA-expressing vectors were
then transfected into PC3 cells and cultured in 1 �g/ml puro-
mycin for 4 weeks to select for cells stably incorporating these
plasmid vectors. FACS was then used to isolate the cells
expressing both GFP and RFP (the reporters for each shRNA
vector, respectively). The PC3 cells expressing the shRNAs for
UBR1 and UBR2 exhibited reduced proliferation rates when
compared with either the wild type PC3 cells or PC3 cells sim-
ilarly selected for using vector control plasmids. The doubling
time for wild type PC cells was determined to be 27 � 3 h, and
that for the vector control cells was determined to be 29 � 2 h.
In contrast, the doubling time for the UBR1 and UBR2 shRNA-
expressing cells was determined to be 55 � 9 h. This impaired
proliferation is not entirely surprising, considering the previous
well documented role of the N-end rule in cell division and
chromosome stability (46, 47).

Flow Cytometry—An annexin V-FITC apoptosis detection
kit (eBioscience) was used for apoptosis analysis by flow cytom-
etry using the manufacturer’s recommended procedures and
analyzed on an LSR-Fortessa instrument. 10,000 events were
acquired for statistical analysis.

Cell Viability Assay—Cell counting and the trypan blue
exclusion test were performed with a TC20TM automated cell
counter (Bio-Rad).

Protein Dephosphorylation—24 h after transfection, 5 � 105

cells were harvested and then lysed in 150 �l of lysis buffer as
described previously (15) and then incubated at 4 °C for 30 min.
The sample was then incubated with 400 units of �-phospha-
tase (New England BioLabs) in �-phosphatase reaction buffer at
30 °C for 60 min.

Chemicals—The L-phenylalaninamide inhibitor, cyclohexi-
mide, staurosporine, and sodium orthovanadate were pur-
chased from Sigma.

Author Contributions—M. A. E. and R. P. F. designed the experi-
ments. M. A. E. performed the experiments. M. A. E and R. P. F.
wrote the manuscript.
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