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Abstract
Bcl-xL, an antiapoptotic protein, is frequently overexpressed in cancer to promote
survival of tumor cells. However, we have previously shown that Bcl-xL promotes
migration, invasion, and metastasis independent of its antiapoptotic function in
mitochondria. The pro-metastatic function of Bcl-xL may require its transloca-
tion into the nucleus. Besides overexpression, patient-associated mutations of
Bcl-xL have been identified in large-scale cancer genomics projects. Understand-
ing the functions of these mutations will guide the development of precision
medicine. Here, we selected four patient-associated Bcl-xL mutations, R132W,
N136K, R165W, and A201T, to investigate their impacts on antiapoptosis, migra-
tion, and nuclear translocation. We found that all four mutation proteins could
be detected in both the nucleus and cytosol. Although all four mutations dis-
rupted the antiapoptosis function, one of these mutants, N136K, significantly
improved the ability to promote cell migration. These data suggest the impor-
tance of developing novel Bcl-xL inhibitors to ablate both antiapoptotic and pro-
metastatic functions of Bcl-xL in cancer.
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1 INTRODUCTION

The intrinsic apoptotic pathway is regulated, in large
part, by the mitochondrial outer membrane permeabi-
lization (MOMP); when MOMP occurs, cytochrome c is
released and downstream cysteinyl aspartate-specific pro-
teases (caspases) become activated.1 The members of the
B-cell lymphoma 2 (Bcl-2) family are designated as such
due to their Bcl-2 homology (BH) domains and involve-
ment in apoptosis regulation. The BH domains facilitate
the family members’ interactions with each other and
can indicate pro- or antiapoptotic function. These proteins
are divided into three subfamilies: (a) antiapoptotic, (b)
pore-forming or ‘executioner’ (pro-apoptotic) proteins, and
(c) BH3-only (pro-apoptotic), based on whether they lead
to MOMP (pro-apoptotic) or inhibit it (antiapoptotic). In
healthy cells, antiapoptotic Bcl-2 proteins hold Bax and
Bak, pro-apoptotic regulator proteins, in check. By the
stimulation of apoptotic signals, the BH3-only proteins
promote apoptosis by either activating Bax and Bak or
inactivating Bcl-2, Bcl-xL, and Mcl-1.2 Subsequently, Bax
and Bak are recruited to the mitochondrial outer mem-
brane, where they oligomerize and causeMOMP to release
pro-apoptotic effectors. Antiapoptotic Bcl-2 family mem-
bers, including Bcl-xL, are often overexpressed in a vari-
ety of cancers through genetic alterations. Bcl-xL is well-
known for its antiapoptotic function, which is critical to
the development and survival of multicellular organisms.2
The function of Bcl-xL in tumorigenesis has been ascribed
to its antiapoptotic activity.
In addition to its antiapoptotic function, other func-

tions of Bcl-xL have been discovered. Using two engi-
neered Bcl-xL mutants that cannot bind to Bax and Bak
and therefore are defective in antiapoptotic function, we
demonstrated that these engineered mutants as well as
wild-type (WT) Bcl-xL are capable of inducing epithelial-
mesenchymal transition (EMT), migration, invasion, and
stemness in both pancreatic neuroendocrine tumor and
breast cancer cell lines.3,4 WT Bcl-xL and engineered
Bcl-xL mutants that are defective in antiapoptotic func-
tion promote metastasis in spontaneous and xenograft
mouse models.3,4 These findings suggest that Bcl-xL’s
metastatic function is independent of its antiapoptotic
function. Other studies reported that overexpression of
Bcl-xL induces EMT in lung cancer cell lines, increases
invasiveness of glioma cell lines and, promotes metastasis
of breast cancer cell lines in xenograft models.5–9 More-
over, overexpression of Bcl-xL in breast cancer patients
is associated with high tumor grade, local invasion into
stroma, and nodal metastases.10 We have further shown
that an engineered Bcl-xL targeted to the nucleus, but not
mitochondria-bound Bcl-xL or Bcl-xL tagged with nuclear

export sequence, promotes cell migration, invasion, and
EMT in multiple cell lines.3
Mutations in proteins play an important role in the onset

and development of cancer.11,12 Mutations may affect pro-
tein folding and stability,13–18 protein function,19,20 and
protein-protein interactions,21–24 as well as protein expres-
sion and subcellular localization.15,16 Large-scale cancer
genome projects have reported lists of mutations in vari-
ous tumor types and this information has facilitated sub-
sequent investigations into the functions of these mutant
proteins, as well as further therapeutic development of
mutation-specific therapeutics to target the mutant pro-
teins. Cancer patient-associated mutations of Bcl-xL have
been identified with unknown functional impact. In this
study, we aim to investigate whether these cancer patient-
associated mutations of Bcl-xL affect its functions in anti-
apoptosis, cell migration, and nuclear translocation. This
information will aid therapeutic development to better tar-
get Bcl-xL.

2 RESULTS

2.1 Selection of four patient-associated
mutations of Bcl-xL and computational
structural analysis

More than 30 mutations of Bcl-xL have been identified in
large-scale cancer genomic datasets.25,26 These mutations
could vary greatly in their functional impact, depending
on their position in the protein and nature of the mutated
amino acid residue.We used amutation assessor score and
variant allele frequency in the tumor samples to select can-
didate Bcl-xLmutations for this study. Themutation asses-
sor score represents the functional impact of a missense
variant.12 Variant allele frequency is “read count support-
ing mutant base per total read count at that position.”27 It
is rare that a tumor sample is 100% pure with no normal
stromal cells, and is also composed of tumor cells contain-
ing the same mutations. However, the higher the variant
allele frequency is in the tumor sample, the more likely
the mutation is to be a driver mutation rather than a pas-
senger mutation. Therefore, we used a cutoff value of 0.1
for the variant allele frequency in the tumor samples. Four
missense mutations, R132W, N136K, R165W, and A201T,
matched our selection criteria (Table 1).
Bcl-xL contains four distinct BH domains (BH1-BH4) as

well as a transmembrane (TM) region. R132W and N136K
are located in the BH1 domain, R165W is located in the
loop that is between BH1 and BH2 domains, and A201T
is located between the BH2 domain and the C-terminal
TM domain (Figure 1A). We analyzed the positions of



330 ZHANG et al.

TABLE 1 Patient-associated Bcl-xL mutations with medium mutation assessor score and >0.1 variant allele frequency (VAF) in the
tumor samples

Sample ID Cancer study
AA
change Type

Copy
number

Mutation
assessor

VAF
(T)

DND41_HAEMATOPOIETIC_
AND_LYMPHOID_TISSUE

CCLE R132W Missense Gain Medium 0.14

L428_HAEMATOPOIETIC_AND_
LYMPHOID_TISSUE

CCLE N136K Missense Diploid Medium 0.44

ESO-0061 Esophagus (Broad) R165W Missense NA Medium 0.49
TCGA-N7-A4Y0-01 Uterine CS (TCGA) A201T Missense Gain Medium 0.26

F IGURE 1 The selected patient-associated mutations are at critical positions of Bcl-xL. A, Schematic diagram of Bcl-xL protein and four
patient-associated mutations, R132W, N136K, R165W, and A201T. BH, Bcl-2 homology domain; TM, transmembrane domain. B, An overview
of the NMR solution structure (including 20 superimposed conformers) of the apo state of Bcl-xL (PDB ID: 6BF2) showing the positions and
flexibilities of four residues (in stick representations) that have been found to be mutated in patients. The regions in helical conformations are
shown as ribbons. C, A zoom-in view of R132 and N136 near the ligand binding pocket. The arrow indicates that the side chain of R132 is highly
dynamic. D, In binding to BAK (magenta, PDB ID: 3PL7), N136 forms a H-bond with D68 of Bax, whereas the region near R132 moves outward
compared to that in panel B, as indicated by the arrow. E, The side chain of R165 can interact with E42 from the IDR. F, A201 is in the immediate
vicinity to A200, which forms a hydrophobic interaction with I585 of BAK. Note that panels C, D, and F are in the same viewing angle as that
of panel B
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F IGURE 2 All four cancer-associatedmutations impair the antiapoptotic function of Bcl-xL. A, Bcl-xLmutantswere overexpressed at sim-
ilar levels in MCF7/TGL cells. Established cell lines (MCF7/TGL/pQ, MCF7/TGL/HA-Bcl-xL, MCF7/TGL/HA-Bcl-xLR132W, MCF7/TGL/HA-
Bcl-xLN136K, MCF7/TGL/HA-Bcl-xLR165W, and MCF7/TGL/HA-Bcl-xLA201T) were maintained with 0.5 µg/mL puromycin and harvested for
Western blot analyses of Bcl-xL and HA-Bcl-xL protein levels. α-Tubulin was used as a loading control. B, Indicated cell lines were treated
or untreated with 50 J/m UV. After 3 h, the apoptotic rates were measured by Caspase-Glo 3/7 Assay System. Results were presented as mean±
the standard error of the mean (SEM). The differences between control condition and UV induced condition were compared by student’s t-test
in GraphPad Prism. *Statistically significant difference at P < .05

these mutations in the context of the hydrophobic ligand
binding pocket formed by BH1, BH2, and BH3 domains
(Figure 1B). We found that the R132 residue is in close
proximity to the hydrophobic pocket, showing significant
dynamics in the apo nuclear magnetic resonance (NMR)
structures of Bcl-xL (PDB ID: 6BF2; Figure 1C) and may
potentially be involved in the entry of the ligand. The
BH1 region in which R132 and N136 are located can make
conformational changes upon ligand binding (indicated
by the arrow in Figure 1D). In addition, N136 can involve
in the ligand binding itself, for example, it forms a direct
interaction with D68 of Bax (PDB ID: 3PL7; Figure 1D),
however, not with Bak (PDB ID: 1BXL; Figure 1F). R165
faces the intrinsically disordered region (IDR) (PDB ID:
6BF2) and can form a H-bond with either the backbone
or the sidechain of E42 (Figure 1E). The posttranslational
modifications of this IDR have recently been found to be
able to regulate apoptosis.28 A201 is located very next to
A200, which is involved in a hydrophobic interaction with
the signature “h4” residue of the ligand, such as I585 of
BAK29 (Figure 1F), whereas in apo structure, this region
around A201 is highly flexible (PDB ID: 6BF2).

2.2 Overexpression of the Bcl-xL
mutants in MCF7 cells

To generate these four patient-associated mutations of
Bcl-xL, we designed primers to make the corresponding
missense mutations from WT Bcl-xL DNA template with

N-terminal HA tag in the pQCXIP retroviral vector (pQ)
by polymerase chain reaction (PCR) site-directed mutage-
nesis. The four HA-tagged Bcl-xL mutants, R132W, N136K,
R165W, and A201T, were transfected into a packaging cell
line and the viral supernatants were collected to infect
MCF7/TGL breast cancer cells, which has low levels
of endogenous Bcl-xL. Stable infected cell lines were
selected under puromycin. To examine whether these
Bcl-xL mutants can be expressed properly in these cells,
cell lysates were collected for Western blot analysis. WT
HA-tagged Bcl-xL and the four HA-tagged Bcl-xLmutants,
R132W, N136K, R165W, and A201T, were expressed well
in MCF7/TGL cells (Figure 2A), suggesting that these
mutations do not affect protein stability in this cell line.

2.3 R132W, N136K, R165W, and A201T
reduce the antiapoptotic function of Bcl-xL

We first investigated whether these four patient-associated
mutations affected the well-known antiapoptotic function
of Bcl-xL.We treated the cells with ultraviolet (UV) light to
induce apoptosis and then measured the activities of cas-
pase 3 and caspase 7 after 3 h. As expected, WT HA-Bcl-xL
protected cells from UV-induced apoptosis, and the con-
trol pQ vector did not (Figure 2B). We found that all four
mutations reduced the antiapoptotic function to different
degrees (Figure 2B). Intriguingly, cells overexpressing the
R132W mutant protein were even more sensitive to UV
radiation than cells overexpressing the control pQ vector.
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2.4 N136K and R165W still promoted
cell migration, whereas R132W and A201T
impaired the migration function of Bcl-xL

To investigate whether these four mutants affect the func-
tion of Bcl-xL in promoting cell migration, we performed
wound healing assays. MCF7/TGL control cells (pQ) and
cells overexpressing WT HA-Bcl-xL and the four HA-
Bcl-xL mutants, R132W, N136K, R165W, and A201T, were
grown into a monolayer. After scratch wounds were made,
the culture plates were placed into an IncuCyte Zoom
machine. The relative wound density was quantified by
measuring the spatial cell density in the wound area rel-
ative to the spatial cell density outside of the wound area
every 4 or 6 h. The relative wound density was set to be
0% at the starting time point, and 100% when the cell
density inside the wound was the same as that outside
the initial wound (Figure 3). This system was also self-
normalizing for changes in cell density due to cell pro-
liferation. Then, we used GEE method to determine the
overall difference in cell migration between cell lines over
time. Due to unknown technical difficulties to have all six
cell lines grown into a monolayer in the 96-well Image-
Lock plates at the same time, we first compared R132W,
R165W, andA201Twith pQ andWTHA-Bcl-xL (Figure 3A,
3C, and 3E), and then compared N136K with pQ and WT
HA-Bcl-xL (Figure 3B, 3D, and 3E). The change per unit
of time in cells expressing the control pQ vector was set
as the reference (Figure 3E). We found that cells overex-
pressing the R132W mutant migrated significantly slower
than the pQ group (Figure 3A, 3C, and 3E; P < .001) and
that cells overexpressing the A201T mutant were not sig-
nificantly different from the pQ group (Figure 3A, 3C,
and 3E; P= .0652). Cells overexpressing the R165Wmutant
migrated significantly faster than the pQ control (Figure 3;
P < .001) but were comparable to the cells overexpressing
the WT counterpart. Importantly, cells overexpressing the
N136K mutant were dramatically better in migration than
cells overexpressingWTBcl-xL protein (Figure 3; P< .001).
Together, these results suggested that the N136K mutation
may have conferred a greater migration potential at the
expense of losing the antiapoptotic activity.

2.5 All four mutant proteins, as well as
WT Bcl-xL, can be found in both the cytosol
and nucleus

We have demonstrated that the metastatic function of Bcl-
xL is independent of its antiapoptotic function and its resi-
dence in themitochondria.3 This novelmetastatic function
may require its translocation in to the nucleus.3 To inves-
tigate the subcellular localizations of these four patient-

associated mutations, we performed immunofluorescence
staining for the HA tag in Bcl-xL proteins using anti-HA
antibodies. Cells were counterstained with DAPI (4′,6-
diamidino-2-phenylindole) for nucleic acid (nuclear). The
nuclear to cytosol (N/C) ratio of WT HA-Bcl-xL was .329
(Figure 4 andTable 2). TheN/C ratio for R132WandR165W
was .298 and .312, respectively (Figure 4 and Table 2), lower
than the ratio for WT Bcl-xL. The N/C ratio for N136K
and A201T was .369 and .383, respectively (Figure 4 and
Table 2), slightly higher than the ratio for WT Bcl-xL.

3 DISCUSSION

Here, we selected four patient-associated Bcl-xLmutations
based on the mutation assessor score and variant allele
frequency in the tumor samples and characterized their
impacts on antiapoptosis, migration, and nuclear translo-
cation. Because the variant allele frequencies of these four
patient-associated Bcl-xL mutations range from 0.14 to
0.49, WT Bcl-xL protein could still be present in the same
tumor cells. Therefore, we characterized these mutations
by expressing them in MCF7 cells, which has low endoge-
nous Bcl-xL levels and can express the different mutant
proteins to similar levels. We also ectopic expressed these
mutant proteins in other two cell lines, but they could
not be expressed to similar levels. It is possible that some
of these exogenous proteins were unstable in certain cell
lines.
It is known that BH1, BH2, and BH3 domains of Bcl-xL

create a hydrophobic groove capable of binding BH3-only
pro-apoptotic proteins, inhibiting their activity and lead-
ing to a pro-survival phenotype.29 We found that all four
mutations, R132W, N136K, R165W, and A201T, impair Bcl-
xL’s antiapoptotic function. R132W and N136K are located
in the BH1 domain, which is known to be important for
the antiapoptosis function. The reason that R132W was
more sensitive to UV-induced apoptosis is likely due to the
potential involvement of the R132 residue in the entry of
Bcl-xL ligands such as Bax and Bak. N136 forms a direct
interaction with Bax, not with Bak, suggesting that N136K
is not able to interact with Bax to execute its antiapoptotic
function. Because R165W and A201T are not located in the
BH domains, the reduction in the antiapoptotic function
was unexpected. Combining our functional analysis and
computational structural analysis, the results indicate that
these two residues, R165 and A201, although located in dif-
ferent loops regions, are also important for Bcl-xL’s anti-
apoptotic function.
The C-terminal TM domain of Bcl-xL specifically tar-

gets Bcl-xL to themitochondrial outermembrane,30 so Bcl-
xL translocates to the nucleus by an active mechanism
through specific carriers in cancer cells. Because none



ZHANG et al. 333

F IGURE 3 N136K and R165W promoted cell migration, whereas R132W and A201T reduced the migration function of Bcl-xL. MCF7/TGL
cells expressing indicated Bcl-xL constructs (WT, R132W, N136K, R165W, and A201T) and pQ vector were seeded in 96-Well ImageLock plates
in the concentration of 35 000 cells/100 µL and confluent cells were subjected to automated wound healing assay in IncuCyte. A and B, Images
of the wounds were taken every 4 or 6 h for 48 h, and the representative images of each cell line at the starting point (0 h) and the end point (48
h) were shown. C and D, Mean of the relative wound density with SEM of the MCF7/TGL cells expressing indicated Bcl-xL constructs and pQ
vector was plotted over time. The relative wound density was set as 0% at t = 0, and 100% when the cell density inside the wound was the same
as that outside the initial wound. E, The slopes of the wound healing rates for each Bcl-xL construct were analyzed by GEE method to test the
overall difference of cell migration compared to pQ. CI, confidence interval. All analyses were performed in statistical software SAS Version 9.4
(SAS Institute, Cary, NC)
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F IGURE 4 All four Bcl-xL mutations were still able to translocate into the nucleus. Cell lines (MCF7/TGL/pQ, MCF7/TGL/HA-Bcl-
xL, MCF7/TGL/HA-Bcl-xLR132W, MCF7/TGL/HA-Bcl-xLN136K, MCF7/TGL/HA-Bcl-xLR165W, and MCF7/TGL/HA-Bcl-xLA201T) were fixed and
stainedwith anti-HA antibodies (red) and 4′,6-diamidino-2-phenylindole (DAPI) (blue) and observed using confocalmicroscopy for subcellular
localization ofHA-Bcl-xL. A, Representative imageswere shown. Scale bar, 20µm.Originalmagnification,×60. B,Whole cell and the nuclear to
cytosol ratio of HA-Bcl-xL florescent signals were quantified in at least 40 individual cells per cell line. Results were presented as mean± SEM.
The differences among multiple groups were analyzed by one-way ANOVA in GraphPad Prism. *Statistically significant difference at P < .05

TABLE 2 Summary of functions of Bcl-xL mutants

Bcl-xL
Antiapoptotic
function

Migration
function

Subcellular location
when overexpressed

Nucleus/
cytosol ratio

WT Yes Promote migration Cytosol and nucleus .329
R132W No (more sensitive to UV

than the pQ vector)
Inhibit migration Cytosol and nucleus .298

N136K No Promote migration Cytosol and nucleus .369
R165W No Promote migration Cytosol and nucleus .312
A201T No Inhibit migration Cytosol and nucleus .383

of these four mutations completely abolish the nuclear
translocation of Bcl-xL, these residues are not critical
for nuclear input of Bcl-xL. However, R132W had the
least nuclear Bcl-xL expression among the four mutants.

Further experiments are required to investigate whether
the R132W mutation of Bcl-xL weakens its interaction
with the carrier proteins that translocate Bcl-xL into
the nucleus. Although some R132W and A201T mutant
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proteins were still located in the nucleus, they both signifi-
cantly impaired themigration function. These data suggest
that R132W and A201T mutant proteins cannot interact
with the downstream effectors to promote migration. The
possible change of its overall protein structure in A201T
may explain why this mutation disrupts both functions
in antiapoptosis and cell migration. Whether this A201T
mutation acquires any new function in cancer requires fur-
ther study.
N136K and R165W have the highest variant allele fre-

quency among these four mutations, suggesting that they
are more likely to be driver mutations in tumorigenesis.
Intriguingly, tumor cells harboring N136K or R165W lost
antiapoptotic function, but they still possessed migration-
promoting function. Importantly, the N136K mutation
boosted the migration potential, highlighting its possi-
ble significance in cancer invasion and distant spread.
The impact of these mutations on metastasis in vivo
requires further investigation. These N136K and R165W
mutations could be a great tool to develop novel therapeu-
tics against the metastatic function of Bcl-xL. In summary,
the characterization of patient-associated Bcl-xL muta-
tions reveals the importance of developing new strategies
beyond canonical Bcl-xL inhibitors to ablate both anti-
apoptotic and metastatic functions of Bcl-xL in cancer.

4 MATERIAL ANDMETHODS

4.1 Generation of Bcl-xL mutations and
cell lines

MCF7/TGL cell line was generated by the infection
with virus carrying thymidine kinase/GFP/luciferase
reporter (TGL).31 GFP-positive cells were sorted using
BD Biosciences FACS-DiVa Cell Sorter to generate pure
MCF7/TGL cells. Cells were cultured in DMEM supple-
mented with 10% fetal bovine serum, 0.2mML-glutamine,
and 1% penicillin/streptomycin.
Bcl-xL mutation DNAs (R132W, N136K, R165W, and

A201T) were generated using the QuickChange Light-
ning Site-Directed Mutagenesis kit (Agilent Technol-
ogy) following the manufacturer’s instruction and ver-
ified by sequencing. Plasmid DNAs (pQCXIP [pQ]),
pQCXIP-HA-Bcl-xL, pQCXIP-HA-Bcl-xLR132W, pQCXIP-
HA-Bcl-xLN136K, pQCXIP-HA-Bcl-xLR165W, and pQCXIP-
HA-Bcl-xLA201T) were transfected into H29 cells32 using
Lipofectamine 3000 Reagent and P3000 Reagent (Invitro-
gen) to generate retroviral supernatant. MCF7/TGL was
infected with each retroviral supernatant at 50% conflu-
ence in 6-cm dish, selected with puromycin 72 h postin-
fection, and maintained with 0.5 µg/mL puromycin.

4.2 Western blot

Cells (MCF7/TGL/pQ, MCF7/TGL/HA-Bcl-xL,
MCF7/TGL/HA-Bcl-xLR132W, MCF7/TGL/HA-Bcl-
xLN136K (Clone 5), MCF7/TGL/HA-Bcl-xLR165W, and
MCF7/TGL/HA-Bcl-xLA201T) were lysed in RIPA buffer
(0.1% SDS, 1% Triton X-100, 0.5% sodium deoxycholate,
25 mM Tris [pH 8.0], 150 mM NaCl, and 1 mM EDTA)
supplemented with protease and phosphatase inhibitors
(Roche). Protein samples were quantified by Bradford
assay (Bio-Rad), separated through SDS-PAGE, transferred
to nitrocellulose membranes, and stained with Ponceau S.
Blots were then incubated in 5% nonfat milk in TBST for
2 h, probed with primary antibodies Bcl-xL (1:1000, Cell
Signaling Technology, 2764), HA (1:1000, Cell Signaling
Technology, 2367), or α-tubulin (1:1000, Sigma, T5168)
overnight at 4◦C, washed three times with TBST for a
total of 30 min, and probed with horseradish peroxidase-
conjugated secondary antibodies for 1 h. Signals were
detected by enhanced chemical luminescence (Pierce).

4.3 Apoptosis assay

A total of 1 × 104 cells (MCF7/TGL/pQ, MCF7/TGL/HA-
Bcl-xL, MCF7/TGL/HA-Bcl-xLR132W, MCF7/TGL/HA-
Bcl-xLN136K (Clone 5), MCF7/TGL/HA-Bcl-xLR165W, and
MCF7/TGL/HA-Bcl-xLA201T) were seeded in 100-µL cul-
ture medium in 96-well plate. After overnight incubation,
cells either remained untreated or were treated with
50 J/m UV. Three hours after UV treatment, apoptosis was
measured by Caspase-Glo 3/7 Assay System (Promega,
G8090) following the manufacturer’s instruction. The
luminance was read by the EnVision Multilabel Plate
Reader (PerkinElmer).

4.4 Immunofluorescent analysis

Cells (MCF7/TGL/pQ, MCF7/TGL/HA-Bcl-xL,
MCF7/TGL/HA-Bcl-xLR132W, MCF7/TGL/HA-Bcl-
xLN136K (Clone 5), MCF7/TGL/HA-Bcl-xLR165W, and
MCF7/TGL/HA-Bcl-xLA201T) were cultured on glass
coverslips for 24 h before fixation in 4% paraformaldehyde
in PBS for 10 min. After permeabilizing and blocking in
0.5% BSA in PBS with 0.025% Triton X-100, 0.02% NaN3,
and 0.3 mM DAPI for 2 h, coverslips were incubated with
primary antibody (mouse anti-HA 1:200; Cell Signaling
Technology, 2367) overnight at 4◦C. The coverslips were
then washed four times with PBS for 5 min each, followed
by incubation with Alexa Fluor 647 goat antimouse
antibody (1:400; Life Technologies, A21236) at room



336 ZHANG et al.

temperature in the dark for 2 h, and were washed four
times with PBS for 5 min each. Coverslips were mounted
with VectaShield mounting medium (Vector Labs) and
cells were examined using confocal microscopy (Olympus
FLUOVIEW FV10i). The total, nuclear, and cytoplasmic
immunofluorescence signals of more than 40 cells per
cell line from a minimum of 10 separate images were
quantified using Fiji ImageJ (version 1.51p).

4.5 Wound healing migration assay

For each cell line (MCF7/TGL/pQ, MCF7/TGL/HA-
Bcl-xL, MCF7/TGL/HA-Bcl-xLR132W, MCF7/TGL/HA-
Bcl-xLN136K (Clone 5), MCF7/TGL/HA-Bcl-xLR165W, and
MCF7/TGL/HA-Bcl-xLA201T), 3.5 × 105 cells in 100 µL
media were seeded into each well of a 96-well Image-
Lock tissue culture plate (n = 3) (Essen BioScience, 4379)
and incubated overnight in standard cell incubator at
37◦C. The plate was then removed from the incubator,
and WoundMaker was used to create scratch wound in
all wells of the 96-well ImageLock plate. Then, media
from each well was aspirated and gently washed with
culture media to prevent dislodged cells from settling and
reattaching. After washing, 100 µL of culture media was
added and placed into the IncuCyte Zoom machine. The
IncuCyte Zoom Plate Map Editor 2016A software was used
to set the scan type to Scratch Wound andWide Mode and
set the image acquisition interval to repeat scan every 4 or
6 h for 48 h automatically. The processed data for relative
wound density for the cell lines after each scan were used
to compare the rate of migration. The IncuCyte software
quantified “relative wound density” by measuring the
spatial cell density in the wound area relative to the spatial
cell density outside of the wound area at every time point.
“Relative wound density” was set to be 0% at t = 0, and
100% when the cell density inside the wound became the
same as the cell density outside the initial wound.

4.6 Statistical analysis

Differences between two groups were compared by Stu-
dent’s t-test or Wilcoxon rank-sum test, as appropriate.
Differences among multiple groups were compared using
one-way ANOVA. GEE method was used to test the over-
all difference of cell migration between two cell lines over
time. All analyses were performed in GraphPad Prism or
SAS9.4 (SAS Institute, Cary, NC).
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