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LAMP2A overexpression in breast tumors
promotes cancer cell survival via
chaperone-mediated autophagy
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Lysosome-associated membrane protein type 2A (LAMP2A) is a key protein in the chaperone-mediated autophagy (CMA)
pathway. LAMP2A helps in lysosomal uptake of modified and oxidatively damaged proteins directly into the lumen of
lysosomes for degradation and protein turnover. Elevated expression of LAMP2A was observed in breast tumor tissues of
all patients under investigation, suggesting a survival mechanism via CMA and LAMP2A. Reduced expression of the CMA
substrates, GAPDH and PKM, was observed in most of the breast tumor tissues when compared with the normal adjacent
tissues. Reactive oxygen species (ROS) mediated oxidative stress damages regulatory cellular components such as DNA,
proteins and/or lipids. Protein carbonyl content (PCC) is widely used as a measure of total protein oxidation in cells.
Ectopic expression of LAMP2A reduces PCC and thereby promotes cell survival during oxidative stress. Furthermore,
inhibition of LAMP2A stimulates accumulation of GAPDH, AKT1 phosphorylation, generation of ROS, and induction
of cellular apoptosis in breast cancer cells. Doxorubicin, which is a chemotherapeutic drug, often becomes ineffective
against tumor cells with time due to chemotherapeutic resistance. Breast cancer cells deficient of LAMP2A demonstrate
increased sensitivity to the drug. Thus, inhibiting CMA activity in breast tumor cells can be exploited as a potential

therapeutic application in the treatment of breast cancer.

Introduction

Lysosome-associated membrane protein type 2A (LAMP2A)
is a key protein in the chaperone-mediated autophagy pathway
(CMA). It is a selective autophagy that is responsible for the
lysosomal degradation of approximately 30% of the modified
and oxidatively damaged soluble cytosolic proteins that contain
the recognizable peptide sequence motif (KFERQ). Molecular
chaperones, such as HSPA8/HSC70, recognize the oxidatively
modified proteins in the cytoplasm, and translocate them to
the lysosomal membrane. The damaged proteins then bind to
LAMP2A for lysosomal membrane uptake into the lysosomal
lumen and are subsequently degraded by lysosomal proteases.” It
is well established that modulation of CMA underlies the patho-
genesis of certain human diseases such as neurodegenerative
disorders, Danon disease,*” Mucolipidosis type IV (MCOLN1)
lysosomal storage disorder.® Therefore, there is a growing inter-
est to investigate CMA activity under different physiological and
pathological conditions, such as cancer. Alternative splicing of
LAMP2 produces three splice variants, LAMP2A, LAMP2B
and LAMP2C that are expressed in different tissues.” LAMP2A
and LAMP2B differ in sequence at the extreme C-terminus.'
LAMP2A isoform is highly expressed in placenta, lung and liver
but has low expression in the brain and skeletal muscle, and
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was not reported to be expressed in breast tissues. This manu-
script demonstrates the expression of LAMP1, LAMP2A and
LAMP2B in both breast tumors and normal adjacent breast tis-
sues. Lysosome-associated membrane protein (LAMPI1) is the
membrane protein of the same class, which is translocated to
endosomes from trans Golgi before being transported to lyso-
somes upon activation. Both LAMP1 and LAMP2 are highly
glycosylated, and are thought to have overlapping functions in
tumor cell metastasis.’*® Levels of LAMP2A are controlled by
the dynamic distribution of LAMP2A between the lumen of the
lysosome and its membrane.'®

Autophagy acts as a double-edged sword. It is a stress response
mechanism that protects cancer cells from low nutrient supply
or oxidative insults, but in contrast the autophagy process is also
involved in the removal of tumor cells by triggering a nonapop-
totic/apoptotic cell death program, signifying a negative role in
tumor growth."” Defective or inhibition of autophagy (loss of its
prosurvival role) causes DNA damage, and subsequently trig-
gers genomic instability in mammary tumors in vivo."8 CMA
is known to be activated due to nutrient deprivation and oxida-
tive stress, and it is essential for the cellular response to stress.”
Recently it was shown that Eps8, which is one of four family
members of a family of Actin barbed end capping proteins, was
involved in CMA activity in cancer cells,” but a link between
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CMA and cancer has yet to be established. While this manu-
script was under review, a report was published suggesting the
role of CMA in tumor growth.?! Exploring the yet-unknown
relationship between altered autophagy and other breast cancer-
promoting functions such as upregulation of LAMP2A, may
provide valuable insight into the pathogenesis of breast cancer.
This manuscript is focused on the role of LAMP2A in regulating
CMA in breast tumors and cancer cells during oxidative stress.

Results

Effect of LAMP2A expression on CMA substrates in breast
cancer cells. CMA process can be monitored indirectly by
investigating the abundance of its targeted proteins such as
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and M2
isoform of pyruvate kinase (PKM), which are typically not regu-
lated by transcriptional mechanisms and contain a recognizable
KFERQ motif.** LAMP2A expression was either upregulated
or downregulated in both T47D (Fig. 1) and MCEF-7 (Fig. S1)
breast adenocarcinoma cells, and lysates from these cells were
fractionated on a 4-20% tris glycine gradient SDS PAGE and
subjected to immunoblotting. Typical expression of transfected
LAMP2A tagged with GFP and control GFP in MCF-7 cells is
shown in Figure SIA. Transfection efficiency was reduced with
the LAMP2A plasmid compared with the background, and the
efficiencies varied from 25—-40% in both MCF-7 and T47D cell
lines. The expression of the CMA substrates was reduced in the
cells where LAMP2A was overexpressed, suggesting an increased
CMA activity in treated T47D cells. There was no change in
the expression levels of nonCMA substrate such as ACTB in
the cultured cells (Fig. 1A). Surprisingly, there was no signifi-
cant difference in GAPDH/PKM abundance observed between
control siRNA-treated cells and LAMP2A knocked down cells
(Fig. 1B). Densitometric analyses from three independent exper-
iments for both upregulated (Fig. 1A) and downregulated (Fig.
1B) LAMP2A are shown with standard error of measurements
(SEM) on the right of each panel. A similar observation was
found with GAPDH in MCEF-7 cells (Fig. S1B and S1C).

To understand the contribution of other proteolytic pathways,
such as ubiquitin proteasome system (UPS) and macroautoph-
agy, T47D cells with downregulated LAMP2A were incubated
with either MG132 (ubiquitin proteasome inhibitor)* (Fig. 1C)
or bafilomycin A (BAFA ; lysosomal inhibitor)** (Fig. 1D) to
limit the targeted signaling pathways. No significant differential
expression of GAPDH or PKM was observed in the LAMP2A
downregulated cells compared with controls in either of the
blocked pathways. Although it was reported that CMA activity
is specific to the cell type, and upregulation of the CMA occurs
during the catalytic inhibition of proteasome.” Similar results
were obtained when MCF-7 cells with downregulated LAMP2A
were incubated with the above inhibitors (Fig. S1D and S1E) as
well as when the same cells were incubated with another macro-
autophagy inhibitor, 3 methyl adenine (3MA)** (Fig. S1F).

Turnover of GAPDH in breast cancer cells. A direct approach
was applied to measure the association of purified GAPDH
with active intact lysosomes isolated in the presence of protease
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inhibitor from LAMP2A overexpressed and control transfected
cells. Lysosomes isolated from LAMP2A overexpressed MCE-7
and T47D cells demonstrated increased lysosomal association
of GAPDH, suggesting higher CMA activity when compared
with the control cells (Fig. S2). Next, changes in the stability of
GAPDH due to the expression levels of LAMP2A in both the
breast cancer cell lines were measured via pulse-chase experiment
using ®[S] Methionine. The steady-state levels of exogenously
expressed LAMP2A revealed elevated degradation of GAPDH
after 48 h in MCF-7 cells, whereas it was clearly detected in con-
trol pcDNA3 transfected cells at the same time points (Fig. 2A).
On the other hand, initial analysis revealed reduced degradation
of GAPDH in LAMP2A knockdown T47D cells between 24
and 48 h compared with control knockdown T47D cells (Fig.
2C). There is no significant change in the degradation levels of
GAPDH in the control siRNA-treated cells during the same time
period. Analysis of GAPDH degradation during LAMP2A over-
expression revealed the half-life of GAPDH to be approximately
36.28 + 2.73 h compared with 69.57 + 5.24 h in the case of back-
ground pcDNA3 transfection (Fig. 2B). Alternatively, analysis of
GAPDH degradation during LAMP2A knockdown revealed an
increased half-life of 107.9 + 4.01 compared with control siRNA-
treated cells (70.92 + 2.99) (Fig. 2D). Thus, it indicates a direct
involvement of LAMP2A in modulating CMA activity in breast
cancer cells. Figure S3 demonstrates the same pulse-chase experi-
ment for GAPDH as with other sets of cells. Analysis of these data
revealed that the half life of GAPDH in LAMP2A overexpressed
T47D cells, and control transfected cells were 31.87 + 3.17 and
62.48 + 4.43, respectively. Alternatively, the half life of GAPDH
in LAMP2A siRNA-treated, and control siRNA-treated MCF-7
cells were 111.93 + 1.73 and 64.85 + 2.81 respectively. The half
lives were calculated from the equations of the trend lines drawn
through the data points (shown on the figure).

Expression of LAMP2A is elevated in breast tumors suggest-
ing elevated CMA activity. To understand the physiological sig-
nificance of LAMP2A in breast cancer; tissues from breast cancer
patients, as well as adjacent normal tissues from the same patients
were investigated. This was an attempt to document the physio-
logical significance of LAMP2A expression between normal and
invasive ductal breast carcinoma tissues in patients that may indi-
rectly reflect the CMA activity in patients. Commercially avail-
able OncoPair INSTA-Blot™ that contains breast tumor and
adjacent normal tissue lysates from seven different breast cancer
patients (P1-P7) was used for this purpose. Figure 3A demon-
strates the amido black staining of the blot to determine the total
protein loading in each well. This is preferable because many of
the common housekeeping genes used for loading controls differ
in expression in tumor tissues.”” The description of the loaded
samples and lane markings are given in Figure 3B. The blot was
probed with specific antibodies as indicated (Fig. 3C). Although
a total of 14 pg of tissue lysates were loaded in each well, the
expression of the housekeeping genes, ACTB and TUBB, were
not consistent. This difference in housekeeping gene expression
between tumor tissues and adjacent normal tissues has been well
documented.?® Three independent tissue blots were immunob-
lotted with the indicated antibodies, and densitometric analysis
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vents for the inhibitors and thus serve as controls.

Figure 1. Effect of LAMP2A expression on known CMA substrates. Proliferating T47D cells were either transfected with LAMP2A or empty pcDNA3 vec-
tor for 48 h (A) and with LAMP2A-siRNA or control siRNA for 72 h (B). The cells were then harvested, and protein lysates were fractionated on a 4-20%
Tris Glycine SDS PAGE and immunoblotted with indicated antibodies. Densitometric analyses with respect to ACTB from three independent experi-
ments are shown on the right of each panel. Error bars are SEM and asterisk represents a statistically significant difference (*p < 0.05, ANOVA; Tukey
test). LAMP2A downregulated T47D cells were either treated with proteasome inhibitor, MG132 (C) or incubated with lysosomal inhibitor, bafilomycin
A, (BAFA) (D) as described under methods and followed by SDS PAGE and immunoblotting with indicated antibodies. DMF and DMSO were the sol-

with respect to ACTB expression are given in Figure 3 D-I.
Apparently, it appeared that ACTB loading is higher in invasive
tissues compared with the normal tissues, but this is not accu-
rate as amido black staining of the same blot indicate relatively
equal loading. Thus, densitometric analyses of all the bands
with respect to ACTB were needed to equate the differential
expression of ACTB between the samples. Analysis of the same
immunoblotting data with respect to TUBB results in a similar
experimental outcome as ACTB and is shown in Figure S4A-F.
Both ACTB and TUBB serve two purposes; first they do not
contain the required KFERQ motif to be a CMA substrate, and
second they can be used as loading controls for quantification.

www.landesbioscience.com

Analysis of the patient tissue immunoblots revealed that both
the expression of LAMP2A and HSPAS (key proteins of CMA
pathway) in breast cancer tissue samples were higher than the
corresponding normal breast adjacent tissues from the same
patient, indirectly suggesting higher CMA activity in tumor
tissues (Fig. 3D and E). As LAMP2A is the only focus of this
manuscript, close members of LAMP2A such as LAMP2B and
LAMP1 were also investigated. LAMP2B and LAMP1 were dif-
ferentially expressed in the tissue pairs but distinctly different
from the LAMP2A expression (Fig. 3F and G). The specificity
of the LAMP2A antibody was determined by immunoblotting
and is shown in Figure S5. Next, the same tissue blot was further

Autophagy 1645

Do not distribute.

I0Science.

©2012 Landes B



A MCF-7 B 120
Transfected with < 100 =-1,378x +100
pcDNA3 + + + + = - = _ s 80
LAMP2A - - - - + O+ o+ o+ ‘.5,"”
1 g : o | | g 60
B = o
é 5 407 4 pcDNA3 A
. X 20 A o
A LAMP2A =-0.7186x +100
GAPDH ' 0 T T T T 1
% B ‘ 0 12 24 36 48 60
Hrs (Chase) 0 24 36 48 0 24 36 48 Time (Hours)
C T47D D
Transfected with - 120 Y=-0.4638x +100
Ctrl-siRNA + + o+ o+ - - - - g 100
LAMP2A siRNA - » 80 -
0
= 60 -
= =-0.705x +100
B | S 40 - *
- ° o Ctrl-siRNA
: : © 20 - .
GAPDH & X A LAMP2A siRNA
0 T T T T 1
0 12 24 36 48 60
Hrs (Chase) 0 24 36 48 0 24 36 48 Time (Hours)

shown on the graph.

Figure 2. Effect of LAMP2A expression on the half-life of GAPDH. Proliferating MCF-7 cells were transfected with LAMP2A or pcDNA3 for 24 h (A), and
similarly proliferating T47D cells were transfected with LAMP2A siRNA or control siRNA (C). Representative autoradiograms of **[S]-Methionine labeled
GAPDH at the indicated time points from MCF7 (A) and T47D (C) cells are shown following immunoprecipitation with anti-GAPDH antibody in a pulse-
chase experiment (see Methods). Lanes are labeled according to treatments and the duration of hours after removal of 3*[S]-Methionine (chase period).
‘0’ represents initial labeling. Quantifications of the labeled bands from three independent experiments were performed using Image J software and
are shown in (B) (MCF-7) and (D) (T47D) with error bars (SD). Linear trend lines were drawn through the time points, and the equations of the lines are

immunoblotted with antibodies against GAPDH and PKM,
which are the known substrates of the CMA process. Four
patients (P2, P4, P5 and P7) showed a significant reduction in
GAPDH expression, in their invasive tumors, compared with
normal tissue (Fig. 3H). Similarly, PKM expressions were down-
regulated in P1, P2, P3, P5 and P7 patient tumors compared with
normal adjacent tissues (Fig. 3I). Further studies are needed to
understand why some breast tumors do not show CMA activity
with high LAMP2A expression.

LAMP2A protects cells from oxidative damage and reduces
oxidative modification of cellular proteins in breast cancer
cells. ROS are formed during normal metabolism and in higher
levels during hazardous environmental exposure as well as under
pathological conditions such as cancer. Tumors are always
under the influence of oxidative stress rendered by ROS, which
might be one of the causes of cancer progression. Expression of
LAMP2A in breast tumor tissues prompted an investigation
about its role in regulating oxidative stress. T47D and MCE-7
breast adenocarcinoma cells were transiently transfected either
with LAMP2A to overexpress LAMP2A or by LAMP2A siRNA
to knock down the expression of LAMP2A. Cells were then
subjected to various concentrations of H,O, to induce oxidative
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stress as described previously.?* Cell survivability was measured
as described under ‘Methods. Overexpression of LAMP2A, in
both MCE-7 and T47D cells, induced cell survivability approxi-
mately by 15-20%, when compared with background vector and
vehicle (Fig. 4A and C). Similarly, underexpression of LAMP2A
in the same cells abolishes the protection offered by LAMP2A to
around 20-25% when compared with control siRNA and vehi-
cle (Fig. 4B and D). Cell survivability assay with overexpressed
LAMP1 and LAMP2B showed little protection against oxidative
stress in T47D cells (Fig. 4E).

ROS also takes part in oxidative damage to cellular proteins,
forming protein carbonyls. Protein carbonyl content (PCC)
is arguably a well accepted marker of oxidative modification
of cellular proteins. Breast cancer cells transfected with either
LAMP2A or LAMP2A siRNA were used to investigate the effect
of LAMP2A on modulating PCC of the cells in the presence of
150 nM H,O,. PCC was reduced by 50-60% in T47D cells that
harbor ectopic expression of LAMP2A when compared with the
control pcDNA3 expressing cells (Fig. 5A). Similarly, a 30-40%
increase in PCC was observed in LAMP2A knocked down cells
(Fig. 5B). Densitometric analyses from three independent exper-
iments, separately with overexpression and underexpression of
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Figure 3. Breast tumors express higher levels of LAMP2A. The breast cancer OncoPair INSTA-Blot™ that contains 14 lanes of paired breast tumor, and
matched normal adjacent tissue lysates from seven different patient donors was used. (A) Amido black staining of the blot. (B) Table portraying the
type, grades, stages of breast tumors, sex and age of the breast cancer patients. (C) Patient tissue blot was immunoblotted with indicated antibodies.
(D-1) Protein expression bands (as indicated) were quantified by densitometry, and the levels were normalized to ACTB (arbitrary units). The values are
means + SEMs of at least three independent experiments, and asterisk represents a statistically significant difference between samples (*p < 0.05).
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cell survival during oxidative
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LAMP2A are given in Figure 5C and D along with Vehicle + - - B Vehicle + - -
the SEM. Western blot showing the expression of pcDNA3 - + - CON-siRNA -+ -
LAMP2A is given in Figure 5E and F. MCEF-7 cells also LAMP2A LAMP2A siRNA___o
show similar results and they are shown in Figure S6.

LAMP2A modulates PtdIns3K/AKT1 signal-
ing pathway. PtdIns3K/AKT1 and NFKBI signaling
pathways have been previously implicated in various
types of tumors including breast, prostate, ovarian and 150 nM 150 nM
thyroid cancer,?%? as well as in proteolysis.*?* Initial H,0, H202
studies with MCEF-7 cells with either upregulated or
downregulated LAMP2A protein expression did not
show any differential expression of the NFKBI signal-
ing pathway proteins (NFKB1A and RELA-NFKBI) in
the total cellular extracts between the experimental and
control cells (Fig. S7A and S7B). Next, the LAMP2A
upregulated cells were subjected to subcellular frac- ACTE | " w—
tionation, and both the cytoplasmic and the nuclear
fraction were fractionated in SDS PAGE followed by
immunoblotting with the RELA-NFKBI antibody. C 1.5 D S 1.5 5
As observed in the above experiments, LAMP2A over- & E q
expression in MCEF-7 cells did not show any differen- E 1 g
tial expression of RELA-NFKBI in both cytoplasm | O ¢ g S a2
and nuclear fraction (Fig. S7C). Ectopic expression 5 Sehile 5 . .
of LAMP2A in T47D cells, however, demonstrated - 0+ CON-siRNA - . _
reduced expression of RELA-NFkBI in the cytoplas- 'x:;"::es T _;_ B LAMP2A siRNA - - +
mic fraction of the LAMP2A overexpressed cells and | ‘amp2a - ) N
simultaneously there was an increase in the expression
of the same in the nuclear fraction (Fig. S7D). The Vehicle + - - F Vehicle + - -
samples were then subjected to a more sensitive and PcDNA3 -+ - CONsiRNA -+ -
direct approach to investigate the activation of NFKB1 LAMP2A - - + LAMP2A siRNA - -+
via pNFKBI1-MetLuc luciferase assay kit (Clonetech, LAMP2A & 41 1 hd LAMP-2A & b
631742). LAMP2A overexpressed T47D cells signifi- S 4y
cantly induced, whereas LAMP2A-siRNA treated cells
significantly decreased the NFKBI luciferase activity ACTE ACTD S

suggesting that LAMP2A could modulate NFKBI sig-
naling pathway in T47D cells (Fig. S7E and S7F). It

is possible that due to existing high activity of NFKB1
signaling in MCF-7 cells, LAMP2A failed to produce
any significant differences in the activity.

Next, the potential contribution of AKT1 path-
way was investigated with the above experimen-
tal cells. T47D cells overexpressed with LAMP2A,
showed reduced expression of the phosphorylated form

Figure 5. Ectopic expression of LAMP2A inhibits protein carbonyl content (PCC)
formation. Proliferating T47D cells were transiently transfected with LAMP2A or
empty pcDNA3 vector for 48 h (A and C) as well as transfected with LAMP2A siRNA
or control siRNA for 72 h (B and D). Cytosolic extracts were prepared; and 50 g
aliquots were tested for their PCC. (C and D) represent the quantitative estimation
of PCC, expressed as means + SEMs of three independent experiments. Significant
changes in the PCC contents are indicated by an asterisk (*p < 0.05 ANOVA; Tukey
test). Western blots showing the protein levels of LAMP2A and ACTB in different
transfection conditions are provided in (E and F).

of AKT1 [pAKT1 (Ser473)] (Fig. 6A), whereas an
increased expression of pAKT1 (Ser473) was observed
in LAMP2A knocked down cells (Fig. 6B). Addition of 0.5 pM
of wortmannin, which inhibits AKT1 activation, abolished the
induction of pAKT1 in LAMP2A knocked down cells (Fig.
6B). In all cases, there was no change in total AKT1 expres-
sion (Fig. 6A and B, bottom). An essential function of AKT1
is the regulation of glycogen synthesis through phosphoryla-
tion and inactivation of GSK3A and GSK3B. This property
of AKT1 has been utilized, and immobilized phospho-AKT1
(Ser473) monoclonal antibody was used to immunoprecipitate
AKT1 from all the sample extracts. Then, an in vitro kinase
assay was performed using GSK3 fusion protein as a substrate
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and measured the phosphorylation of GSK3 by western blot
using p-GSK3A/B (Ser21/9) antibody. AKT1 activation was
inhibited in LAMP2A overexpressed cells as demonstrated by
downregulation of GSK3 expression (Fig. 6C). Alternatively, the
expression of GSK3 was higher in the cells when LAMP2A was
downregulated, indicating activation of AKT1 signaling path-
way (Fig. 6D). Similar results were obtained when cells were
treated with H O, to induce oxidative stress, followed by AKT1
kinase assay (Figs. 6E and F). Densitometric analyses from three
independent pGSK3 expressions are shown in Figure 6E and F
(bottom). Similar results were obtained with MCF-7 cells, which
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are shown in Figure S8. CMA is known to be activated during
starvation. To understand whether starvation leads to the AKT1
activation or not, both MCF-7 and T47D cells were starved as
described under ‘Methods’ followed by immunoblotting with the
indicated antibodies (Fig. 6G and H). There was no significant
change in the expression of the phosphorylated form of AKT1
[pPAKT1 (Ser473)] in the starved cells, when compared with con-
trol. Additionally, there was no change in the total AKT1 expres-
sion suggesting that starvation might not lead to the activation
of AKT1 signaling.

Inhibition of LAMP2A triggers ROS generation and pro-
motes apoptosis in breast cancer cells. Proliferating T47D cells
were transfected with the indicated vector(s), exposed to H,O,
(150 nM) for 24 h, and assayed for carboxy-DCF fluorescence,
which is a ROS indicator, by flow cytometry. We previously
reported that transfection with empty pcDNA3 vector increased
the carboxy-DCF fluorescence, indicating that transfection itself
causes oxidative stress.”” A reduction in generation of ROS due to
LAMP2A overexpression in T47D cells was observed (Fig. 7A),
whereas an increase in ROS production was seen in cells where
LAMP2A had been knocked down (Fig. 7B). Analyses of ROS
using the same dye in live T47D cells via confocal microscopy
demonstrate similar effects. Uptake of carboxy-DCF appeared to
be low in LAMP2A overexpressed cells compared with pcDNA3
transfected cells (Fig. S9A; Carboxy-DCF; green), whereas the
dye uptake was increased in LAMP2A downregulated cells
compared with control siRNA-treated cells (Fig. S9B; Carboxy-
DCEF; green). Mitochondsria is a source of ROS generation, so all
the treated cells were simultaneously stained with MitoTracker
dye [CMXRos (Invitrogen)] to visualize mitochondria (Fig. S9A
and S9B; mitochondria; red) and the merged pictographs show-
ing the extent of overlapping between green and red fluorescence
are shown in Figure S9A and S9B (merged). Quantitative mea-
surements of green fluorescence (Carboxy-DCF) in our experi-
mental samples were analyzed by Metamorph imaging software
and represented as bar diagrams (Fig. 7C and D).

To check the apoptotic status, flow cytometry-based TUNEL
apoptosis assay was performed with the above samples that were
treated with or without H,O,. The results illustrate that apopto-
sis was inhibited in LAMP2A overexpressed cells when compared
with control transfections (Fig. 8A), suggesting that LAMP2A
was able to rescue the cells from the deleterious influence of oxi-
dative stress and thereby stimulate cell viability and promote
tumorigenesis. On the other hand, when LAMP2A was down-
regulated, this inhibition was lost, and elevated levels of apoptosis
were observed in the cells compared with the controls (Fig. 8B).
Further investigations with some key proteins in the apoptosis
pathway, such as CASP3 (activator protein in apoptosis), BCL2
(anti-apoptotic protein) and BAX (pro-apoptotic protein) were
performed with the LAMP2A manipulated cells. No changes in
the expression of total CASP3 were observed in both LAMP2A
over and underexpressed cells (Fig. 8C and D). Activation of
CASP3 requires proteolytic processing of its inactive zymogen
into activated pl7 and pl2 fragments. Immunoblotting the
same membrane with antibody specific to cleaved 17/19 frag-
ment of CASP3 revealed that LAMP2A overexpressed cells had

1650 Autophagy

reduced cleaved CASP3 fragments (Fig. 8C), whereas LAMP2A
downregulated cells have elevated levels of the same (Fig. 8D).
Moreover, downregulation of BAX and simultaneous upregula-
tion of BCL2 was observed when LAMP2A was overexpressed in
T47D cells (Fig. 8E). The opposite phenomenon was observed
when LAMP2A was knocked down by LAMP2A siRNA in the
same T47D cells (Fig. 8F). Densitometric analysis from three or
more experiments is given in Figure 8G and H along with SEM
demonstrating modulation of apoptotic proteins by LAMP2A.
Inhibition of LAMP2A sensitizes tumor cells against doxo-
rubicin. Doxorubicin is a cancer chemotherapeutic drug, which is
also known as Adriamycin. It is widely used to treat early stage,
node positive, HER2 positive and metastatic breast cancer.’® The
drug intercalates the DNA of the cancer cell and prevents repli-
cation and protein synthesis. As shown previously, inhibition of
LAMP2A induces ROS and apoptosis; thus the combined effect
of LAMP2A inhibition and doxorubicin treatment could be ben-
eficial to treat breast cancer patients. This hypothesis was tested
with both MCF-7 and T47D cells where LAMP2A was down-
regulated using LAMP2A siRNA. Cells were treated with or
without doxorubicin and cell survivability assay was performed.
Cells downregulated for LAMP2A expression induced 15-20%
of cell death in both MCF-7 (Fig. 9A) and T47D (Fig. 9C) in the
absence of doxorubicin treatments. The same LAMP2A down-
regulated cells when treated with 2.5 WM of doxorubicin for 24 h
revealed enhanced cell killing in both MCE-7 (Fig. 9B) and T47D
cells (Fig. 9D). Parental cells without doxorubicin treatment were
considered as 100% survival. These data suggest that treatment
with DNA damaging drugs in combination with inhibition of
CMA may increase treatment efficacy in breast cancer patients.

Discussion

During starvation, growth factor deprivation, and under meta-
bolic/oxidative stress, the process of autophagy induces sur-

vival mechanisms®3%

that protect tumor cells against cellular
death.?”” The latest developments in the study of autophagy sug-
gest that it might play a crucial role in apoptosis, but the cell
death-promoting conditions of autophagy vs. cell survivability
are still unknown.® Studies with macroautophagy-deficient
mouse mammary epithelial cells exhibit increased DNA dam-

age in response to oxidative stress,'®

raising the possibility that
breast tumor cells with autophagy defects may be particularly
sensitive to DNA damaging agents. Moreover, it was shown pre-
viously that when macroautophagy was blocked in cells, CMA
activity was induced, which leads to the survival of the cells.”!
When both macroautophagy and CMA are blocked in breast
cancer cells, tumor cells can be sensitized to DNA damaging
agents like cisplatin, carboplatin or doxorubicin. This strategy
has been used with BRCA1 mutant cells that have a defective
DNA repair system. These cells exhibit exquisite sensitivity to
certain DNA damaging agents, as well as to agents interfering
with DNA damage repair, such as poly (ADP-ribose) polymerase
(PARP) inhibitors.*? Thus, CMA-deficient breast tumor cells
might also exhibit high sensitivity to agents causing DNA dam-
age or responsive to drugs that inhibit DNA repair system. My
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Figure 6. Knockdown of LAMP2A trig-
gers AKT1 phosphorylation at Ser473.
Proliferating T47D cells were either
transfected with LAMP2A, or empty
pcDNA3 vector for 48 h (A, C and E)
and with LAMP2A siRNA or control
siRNA for 72 h (B, D and F). (A and B)
showing western blots analysis of to-
tal AKT1 and phospho AKT1 (Ser 473).
(C and D) demonstrate AKT1 kinase
activity using AKT1 substrate GSK3
fusion protein as a measure of AKT1
activation. (E and F) demonstrate the
AKT1 substrate assay under oxidative
stress condition rendered by 150 nM
H,0,. Densitometric analyses from (E
and F) are given under each panel.
Data are mean + SEMs, and significant
changes are indicated by an asterisk
(*p < 0.05 ANOVA; Tukey test). “*
represents the sample lanes that were
treated with 1 wuM Wortmannin. (G
and H) Starvation does not promote
AKT1 phosphorylation. Both MCF-7
and T47D cells were starved as de-
scribed under methods and the cells
were harvested after 48 h followed by
SDS PAGE, and immunoblotted with
indicated antibodies.
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cells, but there was no significant accumulation of
GAPDH in LAMP2A knockdown cells.

The development of breast carcinogenesis from
in situ malignancy to metastatic stage requires
changes in signaling pathways that foster enhanced
tumor cell survival and cell motility. A remarkable
increase in AKT1 kinase activity has been found
in nearly 30—40% of the breast cancer patients. %
Studies with 252 human breast carcinoma cases
showed that 33.3% of the tissues exhibited upregu-

+

lated pAKT1 expression.® Higher AKT1 activity

statistically significant difference (*p < 0.05, ANOVA; Tukey test).

Figure 7. LAMP2A modulates ROS generation in breast cancer cells. Proliferating T47D
cells were either transfected with LAMP2A or empty pcDNA3 vector for 48 h (A and C)
and with LAMP2A siRNA or control siRNA for 72 h (B and D) in the presence of 150 nm
H,O, for the last 24 h. (A and B) Cells were assayed for carboxy-DCF fluorescence by
flow cytometry, and the total geometric means of the carboxy-DCF tagged cells were
plotted in each case. (C and D) Cellular uptakes of carboxy-DCF by the indicated cells
were imaged live using confocal microscopy (Fig. $9). The green fluorescence due

to carboxy DCF among different samples was analyzed using Metamorph imaging
software and represented as bar diagram. Error bars are SEM and asterisk represents a

has been reported to inhibit apoptosis, but results
in this manuscript with the MCF-7 and T47D cells
demonstrated that LAMP2A inhibition in breast
cancer cells triggers AKT1 activation that promotes
ROS generation and induces apoptosis. The most
likely explanation is that the tumor tissues that
are under investigation fall beyond the 30-40%
range, where the AKT1 activation could be neutral
or reduced. More research is needed to understand

work has demonstrated that doxorubicin effectively sensitize
LAMP2A downregulated cells than the drug alone treatment to
the parental cells. Thus, inhibiting CMA activity in breast tumor
cells can be exploited as a potential therapeutic application in the
treatment of breast cancer.

One of the hallmarks of cancer cells is to adopt survival mech-
anisms by avoiding apoptosis, and continuing cell proliferation.
This manuscript demonstrates that inhibition of CMA activity,
promotes the generation of ROS, and induces apoptosis in breast
cancer cells. Thus, treatment of these kinds of breast tumors with
a CMA inhibitor or a LAMP2A inhibitor might sensitize tumor
cells to a variety of anticancer agents. A similar approach has
already been established in a Myc-induced lymphoma model in
which inhibition of autophagy with either chloroquine or A7G5
short hairpin RNA (shRNA) enhanced the ability of an alkylat-
ing drug to stimulate cancer cell death.”® Thus, concurrent inhi-
bition of autophagy and reactivation of apoptosis might provide a
more competent way to treat breast cancer patients.

Pathologic importance of LAMP2A is well established in
aging and neurodegenerative diseases, but a link between can-
cer and CMA is not yet thoroughly established. The data
obtained from the patient tissues demonstrate the physiological
importance of this work. All the breast cancer tissues that were
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the mechanisms.

Furthermore, it was also shown that oxidative
stress induced by H,O, in cardiac myocytes and vascular smooth
muscle cells induces the AKT1 signaling pathway.”% Recent
studies suggest that under normal conditions, AKT1 increases
intracellular ROS levels by stimulating oxidative metabolism
in the mitochondria and by repressing FOXO phosphorylation.
Studies also reveal that when AKT1 signaling was downregulated,
ROS levels were reduced due to both decreased mitochondrial
activity and increased FOXO-mediated expression of antioxidant
enzymes.” Conversely, AKT1 hyperactivation, which occurs in
several cancer cell types, raises metabolic activities in the mito-
chondria and inhibits FOXO transcriptional activity, resulting
in highly increased ROS levels.® In conclusion, experiments
with breast tumor tissues indirectly indicated an increased activ-
ity of CMA pathway that probably contributes to cell survival.
Identification of a LAMP2A inhibitor and other strategies that
might lead to reduced CMA activity remain to be investigated,
which could have remarkable prognostic and therapeutic impli-
cations for breast cancer patients.

Materials and Methods
Patient tissue blot. OncoPair INSTA-Blot™ was purchased

from Imgenex (Imgenex, IMB-130a), which was a ready-to-use
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PVDEF western blot membrane containing denatured
protein lysates from paired breast tumor and matched
normal adjacent tissue lysates from 7 patient donors.
Approximately 14 pg/lane of protein was loaded in each
well. The blot was stained with Amido Black to visual-
ize sample loadings. The blot was then immunoblotted
with indicated antibodies. At least three immunoblot-
ting experiments were performed to statistically analyze
the experimental findings.

Cell lines. MCF-7 and T47D human mammary ade-
nocarcinoma cell lines were obtained from the American
Type Culture Collection (ATCC, HTB-22, HTB-133)
and cultured as described previously.?® MCE-7 cells were
isolated from a 69-y-old Caucasian woman suffering
from invasive breast ductal carcinoma. This epithelial
lineage cell line has wild-type TP53, posseses both estro-
gen and progesterone receptors and is only tumorigenic
in mice if supplemented with estrogen. Similarly, T47D
cell line is also isolated from 54-y-old woman with an
infilerating ductal breast carcinoma. This epithelial ori-
gin cell line also has receptors to 17 B-estradiol, other
steroids and calcitonin, and expresses mutant TP53
protein. Both the cell lines were cultured in complete
DMEM medium containing 10% FBS, 1% Penn/
Strep, 1% nonessential amino acids. Starvation experi-
ments with these cell lines were performed in complete
DMEM medium containing 0.5% FBS for 24 h before
being harvested for downstream processes.

Expression vectors and reagents. LAMP2A
expression plasmid was purchased from ORIGENE,
(SC118738) that harbors a full length open read-
ing frame (ORF) and driven by the cytomegalovirus
(CMV) promoter. Dimethylsulfoxide (DMSO), H,O,,
B-mercaptoethanol and all the other chemicals were
obtained from the Sigma Chemical Co., unless other-
wise stated.

Transient transfections and treatments. Transient
transfections were done as described previously.>*>'* For
overexpression, cells were transfected with LAMP2A
plasmid (tagged with or without GFP) for 48 h before
being harvested. In contrast, for underexpression of
LAMP2A using LAMP2A siRNA, cells were harvested
after 72 h post-transfection and utilized in downstream
experiments. The following siRNAs were used in this
study: control-siRNA [ON-TARGET plus nontarget-
ing siRNA (Dharmacon, D-001810-01)] and LAMP2A
siRNA custom made from Dharmacon (5'—3-CTG
CAA TCT GAT TGA TTA TT). Indicated concen-
trations of H,O, were used to induce oxidative stress
in the cells in medium with 0.5% FBS for the final 24
h at 37°C. Treatments with the autophagy inhibitors,
3 methyl adenine (final concentration 10 mM) and
bafilomycin A (final concentration 10 nM) were per-
formed for the final 24 h post-transfection in each case.
Both the inhibitors were from Sigma Aldrich (M9281
and B1793, respectively). Proteasome inhibitor, MG132
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Figure 8. Downregulation of LAMP2A triggers apoptosis in breast cancer cells.
Proliferating T47D cells were either transfected with LAMP2A or empty pcDNA3
vector for 48 h or transfected with LAMP2A siRNA or control siRNA for 72 h
followed by incubation with 150 nm H,0, for the last 24 h. The cells were then as-
sayed using Apo-Direct apoptosis kit. Percentage of FITC positive cells from both
LAMP2A overexpressed (A) and underexpressed (B) samples were represented as
a bar diagram. (C and D) demonstrate immunoblotting with CASP3 and cleaved
CASP3 fragments in the indicated samples. Protein expression levels of BAX and
BCL2 in LAMP2A overexpressed cells, as well as LAMP2A knock down cells, are
shown in (E and F). The densitometric analyses of the indicated proteins with
respect to ACTB from three independent experiments are shown as bar diagram
in (G and H). Values are means + SEMs from three independent experiments.
Significant changes are indicated by an asterisk (*p < 0.05 ANOVA; Tukey test).
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10% FBS for 1 h at 5% CO,/37°C. The cells were then
pulsed with ¥[S]-Methionine (50 wCi) (Perkin Elmer,
EasyTag™ L-[*S]-Methionine Waltham, MA) for 4 h
x at 5% CO,/37°C. At the end of the incubation period,
the medium was removed, and the cells were washed
3 times with prewarmed 1x PBS supplemented with 5
mM cold Methionine. The radioactivity incorporated
into the cellular proteins was chased for 0-48 h fol-
- lowing the addition of DMEM containing 10% FBS
+ and nonradioactive methionine (5 mM). At each indi-
cated time interval, cellular lysates were prepared and
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subjected to immunoprecipitation using the GAPDH
antibody (Santa Cruz Biotechnology, sc-25778).
3[S]-Methionine labeled GAPDH protein from differ-
ent samples was then fractionated in a 4-20% SDS-
PAGE. The gel was then dried for 60 min at 60°C, and
exposed for autoradiography. The radioactivity of the
individual bands was then quantified using Image-],
Version 1.44 (NIH) and plotted as shown.

- Protein carbonyl content measurements. Protein
+ carbonyl content (PCC) was measured using assay kit

(Cell Biolabs, STA-308) as per manufacturer instruc-

an asterisk (*p < 0.05 ANOVA; Tukey test).

Figure 9. Inhibition of LAMP2A sensitizes breast tumor cells to DNA damaging
drug. Proliferating MCF-7 cells (A and B) and T47D cells (C and D) were transfected
with LAMP2A siRNA or control siRNA for 72 h and treated/untreated with 2.5 uM
doxorubicin for the last 24 h of transfections. The cells were then subjected to cell
survivability assay as described under methods. - DOX indicates no doxorubicin
treatments where as + DOX indicates cells treated with doxorubicin. The DOX
treatments were compared with no DOX treatment in (B) for MCF-7 cells and (D)
for T47D cells. Error bars representing SEM and significant changes is indicated by

tions. Briefly, cytosolic cell lysates were prepared via
sonication, and were electrophoresced with reducing
SDS sample buffer followed by transfer to a PVDF
membrane. The samples were then derivatized on the
membrane, followed by incubation with 1x DNPH (2,
4 dinitrophenyl hydrazine) and finally washed with 2N
HCl and 100% methanol. This was followed by immu-
noblotting with primary antibody; rabbit anti-DNP

(final concentration 10 M), was added to the cells in the final
3 h of post-transfection (Sigma, C2211). Doxorubicin treatment
(final concentration 2.5 pM) was performed for the final 24 h of
transfection (EMD Biosciences, 324380). In each case, the cells
were harvested following the treatments and subjected to immu-
noblotting with indicated antibodies.

Western blotting. Whole cell lysates from transfected/non-
transfected cells were prepared after the indicated treatments
as described previously.?”?® The primary antibodies were as
follows: LAMP2A (Abcam, ab18528, 1 pg/ml); LAMP2B,
(Abcam, ab18529 1 wg/ml); LAMP1 (Cell Signaling, C54H11,
1:1000); HSPA8 (Santa Cruz Biotechnology, sc1059, 1:200);
CASP3 (Imgenex, IMG-144A, 5 pg/ml); BAX (Santa Cruz
Biotechnology, sc526, 1:200); BCL2 (Santa Cruz Biotechnology,
sc-7382, 1:200); GAPDH (Imgenex, IMG5143A, 1 pg/ml);
PKM (Cell Signaling, 3186, 1:1000); AKT1 (Cell Signaling,
9272, 1:1000); phospho-AKTT1 (ser473) (Cell Signaling, 40518,
1:1000); TUBB (Imgenex, IMG-5810A, 1 pg/ml) and ACTB
(Imgenex, IMG-5142A, 1 pg/ml).

Pulse-chase analysis of GAPDH. MCF-7 and T47D cells
were first transfected with either LAMP2A or LAMP2A-siRNA
as stated above. Twenty-four hours post-transfection, cells were
washed twice with prewarmed 1x PBS and were then starved by
incubating with methionine-frere DMEM medium containing
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Antibody (1:1000) and subsequently by secondary anti-
body, Goat Anti-Rabbit IgG, HRP-conjugate, (1:1000)
and visualized using the enhanced chemiluminescence detection
system (Santa Cruz Biotechnology, sc-2048).

Cell viability assay. Cell survivability following oxida-
tive stress and doxorubicin treatments were performed using
CellTiter-Glo luminescent cell viability assay from Promega
(G7570). Briefly, cells were first plated in a 24-well tissue cul-
ture dish. Next the cells were either overexpressed by transfection
with LAMP2A expression vector or underexpressed by transfec-
tion with LAMP2A siRNA. Forty-eight hours post-transfection,
one volume of CellTiter-Glo reagent was added to one volume of
cell culture medium containing treated cells. The contents were
mixed for 2 min on an orbital shaker to induce cellular lysis fol-
lowed by incubation at room temperature for 10 min to stabilize
the signal. The supernatants from different samples were trans-
ferred to 96-well opaque-walled multiwell plates, and the lumi-
nescence was recorded immediately.

Determination of AKT1 kinase activity. AKT1 kinase activ-
ity was determined using a nonradioactive IP-AKT1 Kinase
Assay Kit (Cell Signaling, 9840) according to the manufacturer’s
protocol. The assay system uses two different antibodies, one
to selectively precipitate AKT1, and the second one is to detect
AKT1-induced phosphorylation of GSK3. Using the bead immo-
bilized AKT1 antibody, AKT1 kinase was selectively immuno-
precipitated from whole-cell lysates (300 pg/sample) prepared

Volume 8 Issue 11

©2012 Landes Bioscience. Do not distribute.



from untreated cells and cells treated with either H,O, and/
or wortmannin (Cell Signaling, 9951). Immunocomplexes of
AKTT kinase were incubated with 1 pg of GSK3 fusion protein
in the presence of 100 wM ATP and 1x kinase buffer provided in
the kit for 30 min at room temperature. An SDS-loading buffer
was added to terminate the kinase reaction. Samples were boiled
at 90°C for 5 min, and then resolved via SDS-PAGE. GSK3
phosphorylation was detected with an anti-phospho-GSK3A/B
(Ser21/9) antibody (Cell Signaling, 9331, 1:1000).
Determination of intracellular ROS levels. Intracellular reac-
tive oxygen species (ROS) levels were monitored by a fluores-
cent dye 2',7'-dichlorodihydrofluorescein diacetate (H,DCFDA)
(Molecular Probes, D-399) as described before.? Briefly, fixed or
live cells were incubated with H,DCFDA (10 wM) for 60 min at
37°C in phenol free DMEM, and immediately analyzed via flow
cytometry (FACS) or Olympus Fluoview-FV300 Laser Scanning
Confocal System. The geometric means were obtained from
FACS via FCS Express Version 3 software for analysis of FACS
data (DeNovo Software) and were represented as a bar graph.
Image-iT- LIVE Green Reactive Oxygen Species Detection Kit
(Invitrogen, 136007) was used to measure ROS in live cells.
MitoTracker Red CMXRos (Invitrogen, M7512) (50 nM for
the last 30 min) was also used to stain mitochondria followed by
incubation with Hoechst 33342 (Invitrogen, H3570) to stain the
nuclei. ROS fluorescence (green) was quantified using Metamorph
image analysis software (Molecular Devices) and expressed as
means + SEM (arbitrary units) of three independent experiments.
TUNEL assay for apoptosis. APO-DIRECT from Phoenix
Flow Systems (Part No-AD-1001) was used to assess apoptosis
in the transfected/nontransfected cells as per manufacturer’s
instructions. The apoptosis parameter was measured with the
green fluorescence channel (fuorescein isothiocyanate deoxy-
uridine triphosphate (FITC-dUTP); 520 nm), and the DNA
content was measured with red fluorescence channel (propidium
iodide/RNase; 623 nm). Cells were fixed using 1% (w/v) para-
formaldehyde in PBS. The cells were then permeabilized by cold
70% ethanol (v/v) for 12 h in the freezer and then incubated with
50 pl of DNA labeling solution for 1 h at 37°C. The cells were
then resuspended in 0.5 ml of the propidium iodide/RNase A

solution and analyzed immediately by flow cytometry. Percentage
of FITC positive cells from different samples were plotted as a bar
diagram, and three independent experiments were performed to
obtain variability and statistical implications.

Statistical methods. Statistical comparisons were made using
one-way analysis of variance (ANOVA) via Tukey Test using
Sigmastat statistical software (Ver 3 for Windows). Data are pre-
sented as arithmetic means with error bars representing standard
error of the mean (SEM) calculated from at least three indepen-
dent experiments. A value of p < 0.05 or less was considered sig-
nificant for all experiments.
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