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Abstract

Evasion of extracellular matrix detachment-induced apoptosis (“anoikis”) is a defining
characteristic of metastatic tumor cells. The ability of metastatic carcinoma cells to survive matrix
detachment and escape anoikis enables them to disseminate as viable circulating tumor cells and
seed distant organs. Here we report that aB-crystallin, an antiapoptotic molecular chaperone
implicated in the pathogenesis of diverse poor-prognosis solid tumors, is induced by matrix
detachment and confers anoikis-resistance. Specifically, we demonstrate that matrix detachment
downregulates extracellular-signal regulated kinase (ERK) activity and increases aB-crystallin
protein and mMRNA levels. Moreover, we show that ERK inhibition in adherent cancer cells
mimics matrix detachment by increasing aB-crystallin protein and mRNA levels, while
constitutive ERK activation suppresses aB-crystallin induction during matrix detachment. These
findings indicate that ERK inhibition is both necessary and sufficient for aB-crystallin induction
by matrix detachment. To examine the functional consequences of aB-crystallin induction in
anoikis, we stably silenced aB-crystallin in two different metastatic carcinoma cell lines.
Strikingly, silencing aB-crystallin increased matrix detachment-induced caspase activation and
apoptosis but did not affect cell viability of adherent cancer cells. In addition, silencing aB-
crystallin in metastatic carcinoma cells reduced the number of viable circulating tumor cells and
inhibited lung metastasis in two orthotopic models, but had little or no effect on primary tumor
growth. Taken together, our findings point to aB-crystallin as a novel regulator of anoikis-
resistance that is induced by matrix detachment-mediated suppression of ERK signaling and
promotes lung metastasis. Our results also suggest that aB-crystallin represents a promising
molecular target for antimetastatic therapies.
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Introduction

The detachment of epithelial cells from the extracellular matrix (ECM) disrupts integrin-
mediated cell survival signals to activate a caspase-dependent cell death mechanism known
as “anoikis”.1 Anoikis plays a critical role in maintaining tissue architecture by eliminating
epithelial cells that have become displaced from their normal ECM microenvironment.?
Matrix detachment initiates anoikis by engaging one or more components of the conserved
apoptotic cell death machinery, namely, the intrinsic (mitochondrial) or the extrinsic (death
receptor) apoptotic pathways. In the intrinsic pathway, matrix-detachment triggers the
induction and mitochondrial translocation of the proapoptotic BH3-only proteins Bim and
Bmf, which promote apoptosis at least in part by binding and inhibiting antiapoptotic Bcl-2
family members.3-> Matrix detachment also leads to the mitochondrial localization of the
proapoptotic Bcl-2 family member Bax, which plays an essential role in mitochondrial outer
membrane permeabilization, cytochrome c release and subsequent caspase activation.b In
the extrinsic pathway, matrix-detachment increases expression of death receptors such as
DR5/TRAIL-R2 and activates the initiator procaspases-8 and -10.7-2 These apoptotic
pathways culminate in the proteolytic activation of executioner caspases, including
caspase-3, which initiate apoptosis by cleaving key signaling and structural proteins.10

In contrast to normal epithelial cells, carcinoma cells must overcome anoikis and survive
matrix detachment in order to disseminate from the primary tumor as circulating tumor cells
en route to colonizing distant organs. Hence, anoikis is a critical barrier to metastasis, and
the acquisition of anoikis-resistance is a defining hallmark of metastatic carcinoma cells.211
However, the molecular mechanisms by which tumor cells escape anoikis are poorly
understood. Some tumor cells suppress anoikis by constitutively activating receptor tyrosine
kinases, which inhibit matrix detachment-induced downregulation of extracellular-signal
regulated kinase (ERK)/mitogen-activated protein kinase (MAPK) activity, a critical step for
the induction of the anoikis mediators Bim and Bmf.#> Additional signaling pathways
downstream of receptor tyrosine kinases, including Src and Akt, have also been implicated
in anoikis-resistance in some cancer cells.12:13 Moreover, diverse tumor types evade anoikis
by overexpressing antiapoptotic Bcl-2 family members, including Bcl-x,_ and Mcl-1.14.15
Indeed, circulating tumor cells from patients with small-cell lung cancer express Bcl-2 and
Mcl-1,16 confirming the likely clinical relevance of these observations. Nevertheless,
overexpression of additional antiapoptotic proteins and/or inactivation of other proapoptotic
molecules in metastatic tumor cells are likely to contribute to anoikis-resistance.

We postulated that the antiapoptotic molecular chaperone aB-crystallin, which is expressed
in a variety of solid tumors,1” might contribute to anoikis-resistance in cancer. aB-crystallin
negatively regulates apoptosis by inhibiting the proteolyic activation of procaspase-3,
suppressing the translocation of Bax and Bcl-xs to the mitochondria, and attenuating the
production of reactive oxygen species.18-22 aB-crystallin is expressed in a subset of breast

Oncogene. Author manuscript; available in PMC 2016 May 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Malin et al. Page 3

cancers, renal cell carcinomas, glioblastomas, hepatocellular carcinomas and head and neck
cancers.2227 |n breast cancer, aB-crystallin is preferentially expressed in poor-prognosis
estrogen receptor (ER)/progesterone receptor (PR)/human epidermal growth factor
receptor-2 (HER-2) triple-negative tumors, and its expression is associated with poor
survival, lymph node metastasis and resistance to neoadjuvant chemotherapy.23:24.28-30
More recently, aB-crystallin has been shown to be expressed in brain metastases from breast
cancer patients and to promote brain metastasis in murine models of triple-negative breast
cancer (TNBC).3! Collectively, the well-established antiapoptotic function of aB-crystallin,
together with its documented expression in metastatic breast cancer, make it an attractive
candidate for regulating anoikis-resistance.

Here we report that matrix detachment downregulates ERK activity and leads to a robust
increase in aB-crystallin protein and mRNA levels. Treatment of adherent cancer cells with
pharmacologic MAPK/ERK kinase (MEK) inhibitors mimicked matrix detachment by
downregulating ERK activity and inducing aB-crystallin protein and mRNA levels, while
constitutive activation of the ERK pathway suppressed aB-crystallin induction during
matrix detachment. Silencing a.B-crystallin in metastatic carcinoma cells sensitized them to
matrix detachment-induced caspase activation and apoptosis but did not affect their cell
viability in adherent culture. Furthermore, silencing aB-crystallin in metastatic carcinoma
cells reduced the number of viable circulating tumor cells and inhibited lung metastasis in
two orthotopic xenograft models. Taken together, our findings point to aB-crystallin as a
novel regulator of anoikis-resistance that promotes lung metastasis.

Results

aB-crystallin is induced by matrix detachment-mediated inhibition of ERK signaling in
cancer cells

The ability of primary tumor cells to survive detachment from the ECM and evade anoikis is
a critical early step in the metastatic cascade.211 We modeled matrix detachment in vitro by
growing cancer cells in suspension on ultra-low attachment plates. aB-crystallin protein
levels were robustly induced in 435-LvBr1-mCherry and GILM2-mCherry cells grown in
suspension for 72 h compared to cells grown in adherent culture (Figure 1a, left). In
contrast, the expression of the related small heat shock protein Hsp27 was not altered by
matrix detachment. aB-crystallin mRNA levels were also greater in cells grown in
suspension compared to those grown in adherent culture, although the magnitude of the
difference in mMRNA levels was more modest than the observed differences in protein levels
(Figure 1a, right). Consistent with a prior report, matrix detachment inhibited ERK
signaling as determined by a reduction in p-ERK levels in 435-LvBr1-mCherry and GILM2-
mCherry cells grown in suspension (Figure 1b). This reduction in p-ERK levels in cancer
cells grown in suspension was accompanied by a robust induction of aB-crystallin. To
determine whether ERK inhibition was sufficient to induce aB-crystallin expression,
adherent 435-LvBr1-mCherry cells were treated with a panel of kinase inhibitors, including
the MEK inhibitors AZD6244 (Selumetinib) and CI-1040, the phosphatidylinositol-3 (PI-3)
kinase inhibitor LY294002 or the Src family kinase inhibitor PP2. Both MEK inhibitors
reduced p-ERK levels and induced aB-crystallin protein and mRNA levels (Figure 1c). In
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contrast, LY294002 and PP2 had little effect on aB-crystallin protein and mRNA levels in
adherent 435-LvBr1-mCherry cells. Similar results were obtained in adherent GILM2-
mCherry cells treated with these kinase inhibitors (Figure 1d).

To evaluate the functional role of ERK inhibition in the induction of aB-crystallin by matrix
detachment, we examined the induction of aB-crystallin in MCF-10A breast epithelial cells
stably expressing empty vector or the H-RasV12 oncogene. MCF-10A-Vector cells grown
in suspension culture had reduced p-ERK levels and markedly elevated aB-crystallin levels
compared to cells grown in adherent conditions (Figure 1e, left panel). Treatment of
adherent MCF-10A-Vector cells with AZD6244 or CI-1040 decreased p-ERK levels and
induced aB-crystallin expression. In contrast, MCF-10A-RasV12 cells grown in suspension
had higher p-ERK levels than MCF-10A-Vector cells grown in suspension and failed to
induce aB-crystallin expression. Treatment of MCF-10A-RasV12 cells grown in suspension
with AZD6244 or C1-1040 decreased p-ERK levels and increased aB-crystallin levels.
Moreover, ectopic expression of a constitutively active MEK-DD mutant resulted in
enhanced p-ERK levels in GILM2 cells grown in suspension compared to Vector-expressing
GILM2 cells grown in suspension and inhibited aB-crystallin induction by matrix
detachment (Figure 1e, right panel). These effects mediated by constitutive activation of
MEK were suppressed by AZD6244 and CI-1040. Collectively, these results indicate that
matrix detachment induces aB-crystallin by downregulating ERK activity.

aB-crystallin inhibits anoikis in cancer cells

To examine the role of aB-crystallin in anoikis, we stably silenced aB-crystallin in 435-
LvBr1-mCherry and GILM2-mCherry cells using two different shRNAs (sh-aB1 and sh-
aB2). Both shRNAs reduced aB-crystallin levels in cancer cells compared to a non-
silencing (NS) control (Figure 2a). We also coexpressed sh-aB1 with an RNAi-resistant aB-
crystallin mutant (sh1-aBM) to control for possible off-target effects by rescuing expression
of wild-type aB-crystallin. Stably silencing aB-crystallin in 435-LvBr1-mCherry cells or
GILM2-mCherry cells did not affect cell viability when these cells were grown in adherent
culture (Figure 2b and 2c, respectively). In contrast, silencing aB-crystallin in 435-LvBr1-
mCherry cells or GILM2-mCherry cells resulted in decreased cell viability when these cells
were grown in suspension compared to the corresponding cells stably expressing the non-
silencing (NS) construct or the RNAI rescue construct (sh1-aBM). These results indicate
that silencing aB-crystallin does not affect cell viability under normal growth conditions but
sensitizes cancer cells to anoikis.

aB-crystallin inhibits matrix detachment-induced caspase activation and apoptosis and
promotes cell survival in response to combined MEK inhibition and matrix detachment

Because aB-crystallin inhibits caspase-3 activation,18:19.22 we examined whether aB-
crystallin suppressed matrix detachment-induced cleavage of the caspase substrate PARP
and proteolytic processing of procaspase-3. Silencing aB-crystallin in 435-LvBr1-mCherry
and GILM2-mCherry cells resulted in enhanced PARP cleavage as detected by reduced
intensity of the full-length protein in cells grown in suspension compared to cells stably
expressing the NS and sh1-aBM constructs (Figure 3a). Moreover, aB-crystallin silencing
resulted in more robust proteolytic processing of procaspase-3 to its active subunit in matrix-
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detached cells compared to cells expressing the NS or sh1-aBM constructs. To quantitate
anoikis, 435-LvBr1-mCherry and GILM2-mCherry breast cancer cells stably expressing NS,
shl-aB, or sh1-aBM were grown in suspension for 24 h, and Annexin V-positive cells were
scored by flow cytometry. Consistent with our cell viability and immunoblotting findings,
silencing aB-crystallin resulted in enhanced Annexin V-positive cells upon matrix
detachment compared to NS or sh1-aBM control cells (Figure 3b). Notably, the augmented
anoikis observed in cancer cells with aB-crystallin silencing was suppressed by the caspase
inhibitor zZVAD-fmk. Collectively, these results indicate that aB-crystallin inhibits anoikis
by negatively regulating matrix detachment-induced caspase activation.

Based the observed induction of aB-crystallin expression by MEK inhibitors (Figure 1c and
1d), we postulated that MEK inhibitors would confer resistance to anoikis by an aB-
crystallin-dependent mechanism. To this end, 435-LvBr1-mCherry and GILM2-mCherry
cells stably expressing NS or sh1-aB were treated with vehicle or 10 uM AZD6244 in
adherent or suspension culture for 48 h. Under these conditions, stably silencing aB-
crystallin resulted in diminished cell viability in cancer cells treated with AZD6244 and
grown in suspension, but not in cancer cells treated with this drug and grown in adherent
culture (Figure 3c). Consistent with our prior observations (Figure 2b and 2c), silencing aB-
crystallin in these cells did not alter their sensitivity to anoikis by itself at 48 h, but only to
the combination of MEK inhibition and matrix detachment. These latter findings suggest
that aB-crystallin promotes cell survival in response to the combination of MEK inhibition
and matrix detachment, an observation with potential therapeutic implications given the
clinical development of MEK inhibitors as targeted therapies for cancer.

aB-crystallin increases the number of viable circulating tumor cells and promotes lung
metastasis in vivo

To explore the potential role of aB-crystallin in lung metastasis in vivo, we injected 435-
LvBr1-mCherry-sh1-aB or 435-LvBr1-mCherry-NS cells intraductally into the 4t
mammary glands of female athymic nude mice. Silencing aB-crystallin modestly inhibited
mammary tumor growth in the final weeks of the experiment (Figure 4a). Importantly, aB-
crystallin silencing resulted in a robust reduction in aB-crystallin levels in mammary tumors
and lung metastases compared to NS controls (Figure 4b). Silencing aB-crystallin also
resulted in fewer mCherry-positive lung metastases (number) and reduced lung metastatic
tumor burden (percentage of the lung surface area with metastases) at autopsy at 10 weeks
compared to mice with NS tumors (Figure 4c). aB-crystallin silencing did not affect
apoptosis of mammary tumors or lung metastases analyzed at 10 weeks (Figure S1a). Given
our observation that aB-crystallin inhibits anoikis, we postulated that aB-crystallin
promotes survival of circulating tumors cells, an early step in metastasis. To this end, we
obtained blood from mice bearing NS and sh-aB mammary tumors at 10 weeks and selected
for viable circulating tumor cells, which express a puromycin-resistance gene, by culturing
them in media supplemented with puromycin. Silencing aB-crystallin reduced the number
of puromycin-resistant colonies compared to NS controls (Figure 4d).

To confirm these finding in a second orthotopic model, we injected GILM2-mCherryshl-aB
and GILM2-mCherry-NS cells intraductally into the 4" mammary glands of female athymic
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nude mice. Silencing aB-crystallin did not significantly affect mammary tumor growth
(Figure 5a) despite a sustained reduction of aB-crystallin levels in mammary tumors
compared to NS control tumors (Figure 5b). Mammary tumors were resected at 6 weeks,
and mCherry-positive lung metastases were identified at autopsy six weeks later. Silencing
aB-crystallin resulted in fewer lung metastases and reduced lung metastatic burden
compared to mice with NS tumors (Figure 5c). Interestingly, some sh-aB lung metastases
had foci with aB-crystallin expression (Figure 5b, lower panels). aB-crystallin silencing did
not affect apoptosis in mammary tumors or lung metastases analyzed at autopsy (Figure
S1b). However, silencing aB-crystallin resulted in fewer puromycin-resistant colonies
obtained from blood compared to NS controls (Figure 5d). Collectively, these findings
indicate that aB-crystallin increases the number of viable circulating tumor cells and
promotes lung metastasis in two orthotopic models.

Discussion

Although detachment of epithelial cells from the ECM engages the apoptotic cell death
machinery to promote anoikis,2 we have identified a novel prosurvival pathway that is
activated by matrix detachment, namely, induction of the antiapoptotic chaperone aB-
crystallin. Indeed, aB-crystallin mRNA and protein levels are robustly increased in
immortalized human breast epithelial cells and metastatic carcinoma cells in response to
matrix detachment by growth in suspension culture. We have also shown that
downregulation of ERK signaling by matrix detachment is both necessary and sufficient for
aB-crystallin induction. Specifically, constitutive ERK activation by oncogenic Ras or
MEK-DD suppressed aB-crystallin induction during matrix detachment, while
pharmacologic MEK inhibitors mimicked matrix detachment by inducing aB-crystallin in
adherent cells. Hence, disruption of integrin and/or growth factor signaling by matrix
detachment inhibits ERK signaling, which activates both proapoptotic pathways (induction
and mitochondrial translocation of BH3-only proteins Bim and Bmf 3-%) and prosurvival
pathways (aB-crystallin induction). aB-crystallin, then, can be added to a short list of cell
survival proteins, including PERK, the transcription repressor TLE1 and others, that are
activated by matrix detachment and counteract anoikis.32-3% On a cellular level, the relative
balance of these diametrically opposed molecular events likely determines whether matrix-
detachment results in anoikis or cell survival.

We have also demonstrated that metastatic carcinoma cells rely on this paradoxical
detachment-induced cell survival pathway to overcome anoikis. Notably, silencing aB-
crystallin in metastatic carcinoma cells attenuates the induction of aB-crystallin by matrix
detachment and renders cancer cells more vulnerable to matrix detachment-induced caspase
activation and anoikis. These observations are unlikely to reflect off-target effects of
shRNAs because similar results were obtained with two different aB-crystallin sShRNAs and
the phenotype was rescued by an RNAi-resistant mutant aB-crystallin encoding the wild-
type protein. Intriguingly, silencing aB-crystallin did not affect cell viability of cancer cells
grown in adherent conditions, suggesting that the prosurvival function of aB-crystallin is
unmasked by matrix detachment and subsequent engagement of the apoptotic cell death
machinery. These findings are consistent with well-established antiapoptotic function of aB-
crystallin, which inhibits procaspase-3 proteolytic activation and the mitochondrial
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translocation of Bax and Bcl-xs.18-2022 Additional evidence for the essential role of caspase
inhibition by aB-crystallin in regulating anoikis-resistance comes from our observation that
the enhanced sensitivity of carcinoma cells to anoikis mediated by silencing aB-crystallin is
abrogated by the caspase inhibitor zVAD-fmk. Furthermore, aB-crystallin confers
protection to the combination of MEK inhibition and matrix detachment, suggesting that
aB-crystallin may contribute to resistance to MEK inhibitors in the clinic. Taken together,
these results point to a key role of aB-crystallin in anoikis-resistance by inhibiting caspase
activation in response to matrix detachment and suggest that aB-crystallin may be a
promising drug target to enhance anoikis sensitivity.

Consistent with of role of anoikis suppression in the early steps in the metastatic cascade, we
observed that silencing aB-crystallin reduced the number of viable circulating tumor cells
and suppressed lung metastasis in two orthotopic models. Strikingly, silencing aB-crystallin
had modest or no effect on primary tumor growth and no effect on cell death in primary or
metastatic tumors at the completion of the study. These findings strongly suggest that the
prometastatic function of aB-crystallin is mediated at least in part by antagonizing anoikis in
circulating tumor cells and thereby enhancing their metastatic dissemination to distant
organs. However, aB-crystallin may also increase the intravasation of tumor cells into the
circulation. Consistent with this idea, aB-crystallin has been reported to promote cell
migration, invasion and angiogenesis.23:26:34.35 Moreover, other mechanisms are also likely
to contribute to the prometastatic function of aB-crystallin. For example, aB-crystallin
promotes adhesion to brain microvascular endothelial cells (HBMECS), transmigration
through an HMEC/human astrocyte co-culture model of the blood-brain barrier, and brain
metastasis in orthotopic TNBC models in female NOD scid IL2 receptor y chain knockout
(NSG) mice.3! In the latter brain metastasis models, aB-crystallin expression did not alter
lung metastatic tumor burden at the conclusion of the study. However, female NSG mice
had extensive lung metastatic burden, before developing brain metastasis as a late event;
hence, it is unclear whether aB-crystallin might affect lung tumor burden at earlier stages in
this model. In contrast, lung metastasis is less extensive in the orthotopic models described
in this report in female athymic nude mice and no brain metastases were observed, pointing
to fundamental differences in tumor progression in these different immunodeficient murine
hosts. Collectively, these finding strongly suggest that aB-crystallin promotes metastasis by
multiple mechanisms, including anoikis suppression. Importantly, the clinical relevance of
these preclinical studies pointing to an important role of aB-crystallin in metastasis are
supported by multiple studies linking aB-crystallin to invasion, lymph node metastases and
poor clinical outcomes in diverse solid tumors.23:24.26.27

In summary, we have identified a novel prosurvival pathway activated by matrix detachment
that plays a crucial role in suppressing anoikis in metastatic cancer cells. aB-crystallin
mediates resistance to anoikis by specifically inhibiting caspase activation in response to
matrix detachment. Moreover, our observation that silencing aB-crystallin enhances anoikis,
reduces the number of viable circulating tumor cells and inhibits lung metastasis in murine
models strongly suggests that aB-crystallin warrants further study as a potential drug target
for antimetastatic therapies. Given its role in the early stages of the metastatic cascade, such
aB-crystallin-targeted therapies might be particularly effective in reducing the number of
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circulating tumor cells, an emerging biomarker in cancer.38 Furthermore, our finding that
MEK inhibitors increase aB-crystallin expression in cancer cells may have therapeutic
implications for drug resistance to these agents given the antiapoptotic function of aB-
crystallin.

Material and Methods

Cell culture and reagents

Human GILM2-mCherry TNBC cells stably expressing a non-silencing construct, aB-
crystallin sShRNAs, or aB-crystallin sShRNA and a mutant aB-crystallin cDNA that is
resistant to gene silencing but retains its coding sequence were described previously.3!
GILM2-mCherry cells were cultured in DMEM/F12 supplemented with 10% FBS, 100
units/mL penicillin/streptomycin and Insulin/Transferrin/Sodium Selenite mix (Invitrogen,
Grand Island, NY, USA). MDA-MB-435-LvBrl (435-LvBr1) cells, a highly metastatic
variant of triple-negative MDA-MB-435 cells, were graciously provided by Dr. Janet
Price.2437 435-LvBr1-mCherry cells stably expressing a non-silencing construct, a.B-
crystallin shRNAs, or aB-crystallin sShRNA and a RNAi-resistant mutant aB-crystallin that
retains its coding sequence were generated by retroviral transduction as described.3! 435-
LvBr1-mCherry cells were cultured in DMEM with 5% FBS, 1 mM sodium pyruvate, 100
units/mL penicillin/streptomycin and 1% MEM vitamin solution (Invitrogen). Human
MCF-10A breast epithelial cells stably expressing the H-RasV12 oncogene or empty vector
were described previously23 and were grown in DMEM/F12 media with 5% horse serum,
100 units/ml penicillin-streptomycin (Invitrogen), 20 ng/ml EGF, 0.5 mg/ml hydrocortisone,
100 ng/ml cholera toxin, and 10 pg/ml insulin (Sigma, St. Louis, MO, USA). LY294002,
PP2, CI-1040 and Selumetinib were purchased from Selleckchem (Houston, TX, USA), and
z-VAD-fmk was purchased from Sigma. pBabe-Puro-MEK-DD plasmid3® was kindly
provided by Dr. William Hahn (plasmid # 15268, Addgene, Cambridge, MA, USA) and
used to generate retroviruses for retroviral transduction as described.3!

Real-time PCR

Total RNA was prepared using SpinSmart™ Total RNA Purification kit with DNasel
treatment according to the manufacturer's instructions (Denville Scientific, South Plainfield,
NJ, USA). cDNA was synthesized using the iScript™ cDNA Synthesis Kit (Bio-Rad,
Hercules, CA, USA). Specific primers for aB-crystallin (5-
GCACTTCTCCCCAGAGGAAC-3 and 5-CCATTCACAGTGAGGACCCC-3) and
GAPDH (5-GAAGGTGAAGGTCGGAGTC-3 and 5-GAAGATGGTGATGGGATTTC-3)
were purchased from Integrated DNA Technologies. PCR was performed with 100 ng
cDNA using iQ™ SYBR Green supermix (Bio-Rad) and a CFX96 Real-Time PCR
detection system (Bio-Rad). Cycling conditions were 50°C for 2 min, 95°C for 2 min
followed by 40-cycle amplification at 95°C for 15 s, and 57°C for 45 s. Experiments were
repeated two times and samples were analyzed in triplicate. Data were presented as C;
values, the threshold PCR cycle at which the product was first detected. A comparative C¢
method was used to compare the RNA expression in samples to that of the control in each
experiment.
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Immunoblotting

Immunoblotting was performed as described?® with primary antibodies for aB-crystallin
(Enzo Life Sciences/Stressgen, Farmingdale, NY, USA), PARP (BD Pharmingen, San Jose,
CA, USA), caspase-3, Hsp27, p44/42 (ERK) and phospho-p44/42 (p-ERK), Akt and p-Akt,
Src and p-Src (Cell Signaling, Danvers, MA, USA), and p-actin (Sigma).

Anoikis assay

435-LvBr1-mCherry and GILM2-mCherry cells were grown in complete growth medium
containing 1% methylcellulose on Corning Costar Ultra-Low attachment plates (Fisher
Scientific, Waltham, MA, USA) at a density of 1.0 x 10 cells/well (96-well plates) or 2.0 x
10° cells/well (6-well plates) for 0-96 h.

Cell viability and apoptosis assays

Cell viability was determined by MTS assay (Promega, Madison, WI, USA) and expressed
as fold change relative to day 1, and apoptosis was detected by flow cytometry using the
Annexin-FITC Apoptosis Detection Kit | (BD Biosciences, San Jose, CA, USA) as
previously described.39

Orthotopic models of breast cancer lung metastasis

All animal experiments were approved by the institutional Animal Care and Use Committee.
A Matrigel (BD Biosciences) suspension of 435-LvBr1-mCherry (2 x 10°) or GILM2-
mCherry (1 x 10°) cells stably expressing a non-silencing construct or aB-crystallin
shRNA1 was injected intraductally into the 4" mammary glands of 4- to 5-week old female
athymic nu/nu mice (Harlan Laboratories, Madison, W1, USA). Tumors were measured
weekly with calipers, and tumor volume was calculated as described.39 In the GILM2
model, mammary tumors were resected 6 weeks after tumor inoculation. Mice were
euthanized at 10 weeks (435-LvBr1-mCherry model) or 12 weeks (GILM2-mCherry
model). Fluorescent metastases were visualized in isolated whole lungs using a Leica
MZ10F fluorescent stereomicroscope (Buffalo Grove, IL, USA), and images were analyzed
with NIH ImageJ software as described.3°

Immunohistochemistry

aB-crystallin immunohistochemistry was performed using an aB-crystallin mAb
(1B6.1-3G4, Enzo Life Sciences/Stressgen) as previously described.3! Photomicrographs of
stained sections were obtained using a Nikon Eclipse Ti microscope (Brighton, Ml USA).

Circulating tumor cell colony assay

Blood (1 ml) was collected from the heart by terminal blood draw under deep anesthesia
prior to euthanasia. Samples were diluted three-fold in PBS containing 1 mg/mL casein and
1 mM EDTA, subjected to Percol gradient centrifugation as described,*® and cultured in
media containing 1 ug/ml puromycin (Sigma) for 10 days to select for puromycin-resistant
colonies.
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Statistical methods

Data are presented as mean + SEM. Statistical significance was determined by ANOVAS
with Bonferroni posttests or two-tailed unpaired t tests with Welch's correction (xenograft
experiments) using GraphPad Prism Software (La Jolla, CA, USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. aB-crystallin isinduced by matrix detachment-mediated inhibition of ERK signaling in
cancer cells

(a) 435-LvBrl1-mCherry and GILM2-mCherry cancer cells were grown for 72 h in adherent
or suspension (susp.) culture. aB-crystallin and Hsp27 levels were analyzed by
immunobloting (left), and aB-crystallin mMRNA levels were determined by RT-PCR (right).
MRNA levels were normalized to expression in adherent cells. (b) 435-LvBr1-mCherry and
GILM2-mCherry cancer cells were grown for 72 h in adherent or suspension culture, and the
expression of aB-crystallin, ERK and p-ERK was analyzed by immunobloting. (c) and (d)
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435-LvBr1-mCherry (c) or GILM2-mCherry cancer cells (d) were treated with vehicle
(cont.), 40 uM LY294002 (LY), 50 uM PP2, 10 uM CI-1040 (CI) or 10 uM Selumetinib
(AZD) for 48 h. aB-crystallin, ERK, p-ERK, Akt, p-Akt, Src, and p-Src levels were
determined by immunoblotting (left), and aB-crystallin expression was determined by RT-
PCR (right). (e) Immunoblot of MCF10A-Vector or MCF-10A-RasV12 cells (left panel) or
GILM2 cells expressing empty Vector or constitutively active MEK-DD (right panel) grown
in adherent or suspension culture in the absence or presence of 10 pM CI-1040 or 10 pM
Selumetinib for 72 h. In (a), (c) and (d), **P < 0.01 and ***P < 0.001.
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Figure 2. aB-crystallin inhibits anoikisin cancer cells
(a) Immunoblot analysis of aB-crystallin expression in 435-LvBr1-mCherry and GILM2-

mCherry cancer cells stably expressing a non-silencing (NS) construct, aB-crystallin
shRNA (sh1-aB or sh2-aB), or sh1-aB and a mutant aB-crystallin that is resistant to gene
silencing but retains its coding sequence (sh1-aBM). (b) and (c) MTS cell viability assay of
435-LvBr1-mCherry (b) and GILM2-mCherry cells (c) stably expressing NS, sh1-aB, sh2-
aB or sh1-aBM grown in adherent or suspension culture. The number of viable cells is
expressed as fold change normalized to day 1 (n = 3). **P < 0.01, ***P < 0.001.
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Figure 3. aB-crystallin inhibits matrix detachment-induced caspase activation and apoptosis and
promotes cell survival in responseto combined MEK inhibition and matrix detachment

(a) 435-LvBrl1-mCherry and GILM2-mCherry cancer cells stably expressing NS, sh1-aB,
sh2-aB or sh1-aBM were grown in suspension for 48 h. Full-length PARP and cleaved
caspase-3 were detected by immunoblotting. (b) 435-LvBrl-mCherry and GILM2-mCherry
breast cancer cells stably expressing NS, sh1-aB, or sh1-aBM were grown in suspension for
24 h. Cancer cells stably expressing sh1-aB were untreated or treated with 50 uM zVVAD-
fmk. Apoptosis was measured by Annexin V labeling using flow cytometry. (c) MTS cell
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viability assay of 435-LvBrl1-mCherry and GILM2-mCherry cells stably expressing NS or
sh1-aB treated with vehicle or 10 uM AZD6244 in adherent or suspension culture for 48 h
(n=3). *P < 0.05, **P < 0.01.
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Figure4. aB-crystallin promotes circulating tumor cell survival and lung metastasisin an

orthotopic 435-LvBr1-mCherry model

sh-aB

(a) 435-LvBr1-mCherry cells stably expressing NS or sh-aB were injected intraductally into
the 4 mammary glands of female athymic nude mice. Mammary tumor volume was
measured weekly with calipers and expressed as the percentage original tumor volume at 2
weeks (n=10 mice per group). (b) 435-LvBr1-mCherry-NS and 435-LvBr1-mCherry-sh-aB
mammary tumors were immunoblotted. aB-crystallin expression in mammary tumors and
lung metastases was determined by immunohistochemistry in both groups (c) Representative
whole lung images by fluorescence microscopy. The number of fluorescent metastases per
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lung and the percentage of the surface area occupied by lung metastases in NS and sh-aB
groups (n = 10 mice per group) are indicated. (d) The number of colonies per mouse derived
from the blood of mice bearing 435-LvBr1-mCherry-NS or 435-LvBr1-mCherry-sh-aB
xenografts (n=5 mice per group). In (a), (c) and (d), *P < 0.05, **P < 0.01, and ***P <
0.001.
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Figure5. aB-crystallin promotes circulating tumor cell survival and lung metastasisin an
orthotopic TNBC model

() GILM2-mCherry cells stably expressing NS or sh-aB were injected intraductally into the
4™ mammary glands of female athymic nude mice. Mammary tumor volume was measured
weekly and expressed as the percentage original tumor volume at 2 weeks (n=10 mice per
group). (b) GILM2-mCherry-NS and GILM2-sh-aB mammary tumors were immunoblotted,
and aB-crystallin expression was determined by immunohistochemistry of mammary
tumors and lung metastases in both groups. (c) Representative whole lung images by
fluorescence microscopy. The number of fluorescent metastases per lung and the percentage
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surface area of lung metastases in NS and sh-aB groups (n = 10 mice per group) are shown.
(d) The number of colonies per mouse derived from the blood of mice bearing GILM2-
mCherry-NS or GILM2-mCherry-sh-aB xenografts (n=5 mice per group). In (a), (c) and
(d), **P < 0.01 and ***P < 0.001.
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