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Mitchell MJ, Denais C, Chan MF, Wang Z, Lammerding J,
King MR. Lamin A/C deficiency reduces circulating tumor cell
resistance to fluid shear stress. Am J Physiol Cell Physiol
309: C736 –C746, 2015. First published October 7, 2015;
doi:10.1152/ajpcell.00050.2015.—Metastasis contributes to over
90% of cancer-related deaths and is initiated when cancer cells
detach from the primary tumor, invade the basement membrane,
and enter the circulation as circulating tumor cells (CTCs). While
metastasis is viewed as an inefficient process with most CTCs
dying within the bloodstream, it is evident that some CTCs are
capable of resisting hemodynamic shear forces to form secondary
tumors in distant tissues. We hypothesized that nuclear lamins A
and C (A/C) act as key structural components within CTCs
necessary to resist destruction from elevated shear forces of the
bloodstream. Herein, we show that, compared with nonmalignant
epithelial cells, tumor cells are resistant to elevated fluid shear
forces in vitro that mimic those within the bloodstream, as evi-
denced by significant decreases in cellular apoptosis and necrosis.
Knockdown of lamin A/C significantly reduced tumor cell resis-
tance to fluid shear stress, with significantly increased cell death
compared with parental tumor cell and nontargeting controls.
Interestingly, lamin A/C knockdown increased shear stress-in-
duced tumor cell apoptosis, but did not significantly affect cellular
necrosis. These data demonstrate that lamin A/C is an important
structural component that enables tumor cell resistance to fluid
shear stress-mediated death in the bloodstream, and may thus
facilitate survival and hematogenous metastasis of CTCs.
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METASTASIS IS THE CAUSE OF �90% of cancer-related deaths (9,
39). This phenomenon is initiated when cancer cells detach
from the primary tumor, invade surrounding tissue, and sub-
sequently enter the bloodstream as circulating tumor cells
(CTCs) during the process of intravasation (64). CTCs must
survive immunological stress and hemodynamic shear forces to
translocate through the bloodstream to microvessels in anatom-
ically distant organs (28, 46, 47). In the circulation, CTCs
interact with the receptor-bearing endothelial cell wall via
selectin-mediated rolling and cell arrest (9, 11, 15). CTCs then
firmly adhere to the endothelial cell wall and exit the blood-
stream in a process known as extravasation, survive within
surrounding tissue, and proliferate to form secondary tumors
(9, 48). Surgery, radiation, and chemotherapy have proven

effective at treating primary tumors; however, the difficulty in
treating and detecting metastases typically signals a poor pa-
tient prognosis (46). Although the majority of CTCs die within
the circulation (10, 21, 37), it is evident that a small population
of CTCs are capable of surviving transit through the circulation
to form metastases. Thus numerous approaches are currently
under development to isolate CTCs from the bloodstream to
develop personalized medicine regimens (29, 42, 43) and
technologies to target and kill CTCs within the bloodstream
before metastasis formation (41, 44, 50).

Fluid shear stress (FSS) is one of the key physical forces that
can affect the viability of tumor cells (40, 47, 64). In the tumor
microenvironment, tumor cells are exposed to FSS generated
by slow interstitial flows, the movement of fluid around cells
and through the extracellular matrix (ECM) of the interstitium
(56, 57). In the presence of interstitial flow, tumor cells are
exposed to FSS on the order of 0.1 dyn/cm2 (53, 58). In the
bloodstream, the FSS to which tumor cells are exposed in-
creases significantly, ranging from 0.5 to 4.0 dyn/cm2 in the
venous circulation and 4.0 to 30.0 dyn/cm2 in the arterial
circulation (60). Shear rates can range from 160 s�1 within
veins to 900 s�1 within arteries. Tumor cells transiently en-
counter even greater FSS in turbulent flows within the heart,
near the endothelial cell wall of large vessels, and at large
vessel bifurcations, where FSS is on the order of �1,000
dyn/cm2 (12, 38, 55). Elevated FSS and shear rates have been
shown to affect circulating cancer cell viability, which can thus
affect the probability of metastasis formation. Exposure to FSS
in a cone-and-plate viscometer at shear rates �300 s�1 induced
a significant loss of melanoma cell viability (6). Initial in vivo
studies demonstrated metastasis of CTCs through the circula-
tion to be an inefficient process, with the majority of intrave-
nously injected tumor cells dying within 24 h and minimal
CTCs forming metastases (21, 65). Despite this, it is evident
that subpopulations of CTCs are capable of withstanding ele-
vated FSS within the bloodstream to form secondary tumors.
However, there have been few studies investigating the cellular
structural properties that allow tumor cells to withstand FSS.

Recent work has investigated the tumor cell plasma mem-
brane as a key structural component in tumor cell resistance to
elevated FSS as high as 6,000 dyn/cm2 (3). While FSS has
been previously shown to disrupt plasma membrane integrity
(13, 59), recent work has shown that tumor cells are capable of
repairing FSS-induced plasma membrane damage in a calcium-
dependent manner (3). Plasma membrane repair and resistance
to such FSS-induced damage was shown to increase with
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increased FSS exposure (3). In addition to the plasma mem-
brane, the nuclear lamina is a key structural component of
tumor cells and has been shown to play a key role in tumor
progression and metastasis (18). In particular, nuclear lamins A
and C (A/C) provide structural integrity to the nucleus (32, 33),
are critical in physically connecting the cytoskeleton to the
nucleus, and enable mechanical forces to be transmitted from
the ECM and cytoskeleton to nuclear components of the cell
(22, 36, 51, 67). Cells that lack lamin A/C show reduced
nuclear stiffness and increased nuclear fragility, which leads to
increased cell death on exposure to mechanical forces and
contributes to a variety of diseases (17, 24, 33). In cancer,
A-type lamins have been found to be upregulated in prostate,
skin, and ovarian tumors (23, 27, 30, 34) and could play a role
in providing mechanical stability to tumor cells in the circula-
tion during metastasis. On the other hand, lamins A/C are
downregulated in many lymphomas, small cell lung cancer,
and in breast cancer (8, 18), and reduced levels of lamin A/C
negatively correlate with disease-free survival in breast cancer
(61). Reduced levels of lamin A/C and the associated increased
nuclear deformability could facilitate migration of metastatic
cancer cells through dense ECM and tight interstitial spaces
(16, 24). However, it is currently unknown whether lamin A/C
contributes to tumor cell support against forces such as FSS
within the circulation. In this study, we compared the ability of
tumor cells and epithelial cells to withstand FSS-induced cell
death in vitro via perfusion of cell suspensions through mi-
croscale conduits at elevated FSS that was transiently experi-
enced by tumor cells in the in vivo circulation. To assess the
role of lamin A/C in potentially maintaining mechanical sta-
bility and viability of CTCs within the bloodstream, we mea-
sured rates of FSS-induced cell death in metastatic breast
cancer cells depleted for lamin A/C via short hairpin RNA
(shRNA) and small interfering RNA (siRNA).

MATERIALS AND METHODS

Cell culture. Breast adenocarcinoma cell lines MDA-MB-231
[American Type Culture Collection (ATCC) no. HTB-26] and MDA-
MB-468 (ATCC no. HTB-132), and non-tumorigenic mammary epi-
thelial cell line MCF10A (ATCC no. CRL-10317) were purchased
from ATCC (Manassas, VA). MDA-MB-231 and MDA-MB-468
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen) supplemented with 10% (vol/vol) fetal bovine serum
(FBS; Invitrogen, San Diego, CA) and 1% (vol/vol) PenStrep (Invit-
rogen). MCF10A cells were cultured in DMEM (Invitrogen) supple-
mented with 5% horse serum (Atlanta Biologicals, Norcross, GA), 1%
PenStrep, 0.5 mg/ml hydrocortisone (Sigma Aldrich, St. Louis, MO),
20 ng/ml human epidermal growth factor (Invitrogen), 10 ng/ml
bovine insulin (Sigma), and 100 ng/ml cholera toxin (Enzo Life
Sciences, Farmingdale, NY). MDA-MB-231, MDA-MB-468, and
MCF10A cells were cultured under humidified conditions at 37°C and
5% CO2 and were not allowed to exceed 90% confluence. Before FSS
pulse assays, tumor and epithelial cells were dislodged from plates
using trypsin-EDTA (Invitrogen), subjected to centrifugation (125 g)
for 5 min, and resuspended at a concentration of 0.5 � 106 cells/ml in
Hank’s balanced salt solution (HBSS) containing 0.5% human serum
albumin, 2 mM Ca2�, 1 mM Mg2�, and 10 mM HEPES (Invitrogen),
buffered to pH 7.4.

Mononuclear leukocyte isolation. Mononuclear leukocytes were
isolated from human peripheral blood using a previously described
protocol (7, 45, 49). All human subject protocols were approved by
the Institutional Review Board for Human Participants of Cornell
University. Briefly, human peripheral blood was obtained from

healthy blood donors after informed consent via venipuncture and
collected using sterile sodium heparin-containing tubes (BD Biosci-
ences, San Jose, CA). Leukocytes were isolated from blood by
centrifugation at 480 g for 50 min at 23°C, in a Marathon 8K
centrifuge (Fisher Scientific, Pittsburgh, PA) using 1-Step Poly-
morphs (Accurate Chemical & Scientific, Westbury, NY). Leukocytes
were extracted and washed in Ca2� and Mg2�-free HBSS, and all
remaining red blood cells in the suspension were lysed hypotonically.
Leukocytes were resuspended at a concentration of 0.5 � 106 cells/ml
in HBSS containing 0.5% human serum albumin, 2 mM Ca2�, 1 mM
Mg2�, and 10 mM HEPES (Invitrogen), buffered to pH 7.4, before
FSS pulse assays.

Generation of shRNA lamin A/C knockdown MDA-MB-231 cell
lines. Lentiviral particles were produced using the HEK 293-TN cell
line (System Biosciences, Mountain View, CA), which was trans-
formed with the SV40 large T antigen to promote robust growth and
displayed the Neomycin resistance marker for stable propagation.
Briefly, lentiviral packaging plasmids (ENV, Pol, GAG) were cotrans-
fected with mission shRNA vector purchased from Sigma (lentivirus
plasmid vector pLKO.1-Puro containing shRNA targeting sequence of
lamin A/C, clone no. NM_170707.1-752s1c1, or a nontargeting con-
trol sequence) using PureFection nanotechnology-based transfection
reagent (System Biosciences). Media (DMEM containing pyruvate �
10% FBS) was changed the next day and replaced by MEM � 10%
FBS without PenStrep. Lentivirus-containing supernatants were col-
lected at 48 and 72 h after transfection, filtered through a 0.45-�m
filter, and used as the viral stock.

MDA-MB-231 cells were seeded into six-well plates so that they
reached 50–60% confluency on the day of infection. Cells were
transduced at least 3 consecutive days with the viral stock in the
presence of 8 �g/ml freshly prepared polybrene (Sigma). The viral
solution was removed, and cells were allowed to incubate in fresh
medium an additional 24 h before being subcultured. The cells were
then subjected to stringent selection, i.e., positive cells were selected
for 1 wk in growth medium containing 10 �g/ml of puromycin
(Sigma). Clonal cell populations were generated by serial dilution of
the positively selected stable knockdown of lamin A/C.

Generation of siRNA lamin A/C knockdown MDA-MB-231 and
MDA-MB-468 cell lines. siRNA oligonucleotides targeting human
LMNA (ON-TARGET plus SMART pool, L-004978-00) and nega-
tive control siRNA (ON-TARGET plus non-targeting pool,
D-001810-10) were purchased from Dharmacon (GE Healthcare).
MDA-MB-231 and MDA-MB-468 cells were seeded into six-well
plates using optimized density the day before treatment. Cells were
transfected with the siRNAs using DharmaFECT transfection reagents
according to the manufacturer’s instructions at a final concentration of
25 nM. After transfection, the cells were harvested at 72 h for protein
extraction and additional analysis.

Western blot and immunofluorescence. Cells were collected and
counted for total cell lysate preparation. Homogenization of the same
number of cells was performed in 200 �l of Laemmli buffer contain-
ing 0.3 M of dithiothreitol using the 29G needle shearing method, and
lysates were boiled for 5 min at 95°C. Lamin A/C expression was
detected via Western blot using a goat anti-human lamin A/C N18
antibody (1:2,000 dilution) (Santa Cruz Biotechnology, Santa Cruz,
CA), and tubulin expression was detected using a mouse anti-human
tubulin T5168 antibody (1:2,000 dilution) (Sigma), with both anti-
bodies diluted in 5% milk.

For immunofluorescence studies, cells were grown on 20 �g/ml
fibronectin-coated glass coverslips before treatment. Seventy-two
hours after siRNA transfection, the coverslips were washed once with
phosphate-buffered saline and fixed in 4% paraformaldehyde for 15
min at room temperature (RT). Cells were stained for lamin A/C, and
B1 were detected via immunofluorescence using a mouse anti-human
lamin A/C JOL2 antibody (ab40567; Abcam, Cambridge, MA) and
rabbit anti-human lamin B1 antibody (ab16048; Abcam), respectively,
both at a 1:400 dilution (into 3% BSA). Nuclei were counterstained
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with Hoechst 33342 (dilution 1:1,000; Life Technologies). The cov-
erslips were then mounted on slides and viewed on a Zeiss LSM 700
confocal microscope.

FSS pulse assay. Leukocytes, tumor cells, and epithelial cell lines
were exposed to pulses of elevated FSS in vitro using a modified form
of a previously described protocol (3). Elevated FSS pulses mimic the
flow environment that CTCs transiently encounter in vivo near the
walls of large vessels, within turbulent flow of the heart, or at large
vessel bifurcations (55). Poiseuille’s equation (� 	 4Q�/
R3) was
used to calculate FSS exposure, where � is the wall shear stress (WSS)
in dyn/cm2; Q is flow rate in cm3/s; � is the viscosity of the medium
[HBSS buffer treated as water at n(RT); 0.01 dyn·s·cm2]; and R is the
radius of the needle (30 G average internal radius 	 7.94 � 10�3 cm),
which acts as a microscale conduit. FSS exposure time was deter-
mined by dividing the volume of the needle by the given flow rate (14
ml/min). At a flow rate of 14 ml/min, the WSS is calculated to be
5,920 dyn/cm2, and the FSS exposure time is 1.08 ms. Note that,
within the conduit, the local shear stress varies linearly with radial
position, from a maximum at the wall to zero at the centerline. Thus
cells randomly dispersed across all streamlines would experience an
average local shear stress equal to two-thirds of the WSS value (31).
In the absence of detailed information of the streamline distribution of
entering cells, and to maintain consistency with previous studies of
tumor cell response to FSS (47), we quote the calculated WSS value
here. Viability measurements were expressed as a function of WSS.
Cell suspensions were dilute enough (�0.2% volume fraction) to be
described as Poiseuille flow. To assess for laminar flow conditions
throughout the FSS pulse assay, Reynolds number (Re) was calculated
using the equation Re 	 �vD/�, where � is the density of buffer,
treated as water at RT (0.998 g/cm3), v is the velocity of flow, D is the
diameter of the needle, and � is the dynamic viscosity of the flow
buffer. The Re at a flow rate of 14 ml/min (�1,850) did not exceed the
Re threshold for laminar flow (2,200).

Before FSS exposure, all cells were incubated in 2 �M of a
calcein-AM fluorescent viability dye (Invitrogen) for 15 min at RT, as
per manufacturer’s instructions. Some cell suspensions were not
labeled with calcein-AM, to allow for later cellular apoptosis and
necrosis detection using a fluorescent annexin-V/propidium iodide
(PI) assay. Ten milliliters of suspensions of individual cell types (0.5
� 106 cells/ml) were placed into 50-ml polypropylene tubes (VWR
International, Bridgeport, NJ) and loaded into a 10-ml syringe (BD
Biosciences, San Jose, CA) by drawing the suspension manually, in
the absence of an attached needle. All syringes and needles were
treated with 5% BSA in phosphate-buffered saline before shear assays
were conducted, to minimize the number of cells lost due to adhesion
to the syringe and needle walls. Aliquots (1 ml) of cell suspension
were gently expelled from the syringe and retained to account for
viability changes due to syringe contact and served as controls that
were not exposed to FSS. Cells were then exposed to brief pulses of
elevated FSS via perfusion through microscale conduits using a
high-pressure PHD2000 syringe pump (Harvard Apparatus, South
Natick, MA). Cell suspensions were expelled at a constant flow rate
(14 ml/min) at RT, and collected in tubes placed at a 45° angle at the
tip of the needle. Cells were maintained within tubes for 90 s after
collection, to mimic in vivo conditions in which cells were transiently
exposed to elevated FSS, before the process was then repeated to
expose cells to a range of 2–10 pulses of elevated FSS. Aliquots (1 ml)
of cell suspension were collected across the range of FSS pulses for
later viability measurements. Cell suspensions that were not exposed
to FSS, which had been in suspension for the entire duration of the
assay, were sampled and treated as 100% viability controls. All
aliquots were centrifuged, resuspended in media, and incubated under
humidified conditions at 37°C and 5% CO2 either overnight (for
calcein-AM mediated viability measurements) or for 2 h (for annexin-
V/PI assays).

Flow cytometry viability assays. After overnight incubation, via-
bility of FSS- and non-FSS-exposed cells was determined by measur-

ing the number of cells positive for fluorescent calcein-AM staining
using an Accuri C6 flow cytometer. The number of FSS-exposed
calcein-AM� cells was divided by the number of cells in non-FSS-
exposed control samples to determine percent viability. To determine
the mode of cell death via flow cytometry, samples were incubated for
2 h post-FSS exposure and then labeled with an annexin-V/PI viability
assay. The complete cell samples (floating and adherent cells) were
recovered, prepared, and processed via flow cytometry per the man-
ufacturer’s instructions. Briefly, cells were classified into four cate-
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Fig. 1. Tumor cells resist fluid shear stress (FSS)-induced cell death to a greater
extent than nonmalignant epithelial cells. A: schematic of microscale conduit
used to expose cells in suspension to millisecond pulses of elevated FSS. WSS,
wall shear stress; L, length of microscale conduit; R, radius of microscale
conduit. B: percentage of viable leukocytes, tumor cells (MDA-MB-231 and
MDA-MB-468), and nonmalignant epithelial cells (MCF10A) after exposure
to static conditions (static) or 10-ms pulses of FSS (shear). All cell types were
labeled with a cell viability dye (calcein-AM), exposed to elevated FSS, and
immediately placed back into culture for �18 h. Viability was determined via
flow cytometry by counting the number of cells expressing calcein-AM.
WSS 	 5,920 dyn/cm2. C: dose response of cells to FSS. Cell types were
exposed to 0–10 pulses of FSS. Values are means � SE for three independent
measurements. *P  0.05. **P  0.01. NS, not significant.
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gories based on dye uptake: viable cells (negative for annexin-V and
PI), early-apoptotic cells (positive for annexin-V only), late-apoptotic
cells (positive for annexin-V and PI), and necrotic cells (positive for
PI only). Gates were determined based on viable, untreated cell
controls.

Statistical analysis. Where appropriate, Student t-test and one-way
ANOVA with Tukey posttest comparing all means were used at a
significance level of � 	 0.05. All statistical analyses were performed
using GraphPad Prism 5.0c for Mac OS X (GraphPad software) and
Kaleidagraph (Synergy) software.

RESULTS

Tumor cells resist FSS-induced cell death compared with
nonmalignant epithelial cells. To determine the effects of
elevated FSS pulse exposure on tumor cells, epithelial cells,
and leukocytes, we utilized a microfluidic protocol consist-
ing of a high-pressure syringe pump to perfuse cell suspen-
sions through microscale conduits (Fig. 1A). We utilized
this protocol to generate an elevated level of FSS compara-
ble to that experienced by cells within areas of the circula-
tion, including vessel bifurcations, turbulent flow within the
heart, and near the walls of large vessels (38, 55). The
millisecond pulses of FSS are within the physiological
range, as numerous studies have estimated elevated FSS
pulses in heart valves to be within a range of 1–30 ms (1, 4,
14). Using this protocol, we exposed calcein-AM labeled
primary human mononuclear leukocytes, breast cancer cells

(MDA-MB-231 and MDA-MB-468), and normal mammary
epithelial cells (MCF10A) to pulses of elevated FSS and
assessed their viability after 10 FSS pulses (Fig. 1B). All
cell types remained generally viable (�95%) under static
conditions in suspension, as determined using calcein-AM
staining and flow cytometry quantification. However, tumor
cells were significantly more viable (�75%) than nontrans-
formed breast epithelial cells (�25%) after exposure to 10
pulses of elevated FSS (Fig. 1B). Both cell types were
significantly less viable than human leukocytes (�90%),
which reside in the circulation and are regularly exposed to
elevated FSS. Control experiments were performed to es-
tablish that the loss of cell viability observed in this protocol
is a result of exposure to FSS and not a function of other
variables. It is important to note that these changes in
viability are not due to cell detachment, anoikis, or changes
in temperature, as control samples not exposed to FSS were
in suspension for the same duration of time as cells exposed
to FSS, were also detached from culture surfaces, exposed to
RT, and yet did not exhibit changes in cell viability over the
course of the experiment (Fig. 1B). The results are consis-
tent with previous work with cells of a different epithelial
origin, showing that the prostate cancer cell line PC-3 is
more resistant to FSS-induced cell death than nonmalignant
prostate cell lines PWR-1E and RWPE-1 (3). These data
suggest that breast cancer cells are resistant to elevated

*
* *

A                                    B                                   C                                   D

       E                                            F                                          G

Fig. 2. Decreased apoptosis and necrosis in malignant MDA-MB-231 cells compared with nonmalignant MCF10A cells after FSS exposure. Cells were exposed
to 10 pulses of high FSS (WSS: 5,920 dyn/cm2), placed into culture for 2 h, and assessed for apoptosis and necrosis using annexin-V/propidium iodide (PI) assay.
A–D: annexin-V/PI flow cytometry plots of MDA-MB-231 (A and C) and MCF10A (B and D) cells exposed to static conditions (A and B) and millisecond pulses
of FSS (C and D). Bottom left quadrant (annexin-V negative, PI negative) denotes viable cells. Top left quadrant (annexin-V negative, PI positive) denotes
necrotic cells. Bottom right quadrant (annexin-V positive, PI negative) denotes early-apoptotic cells. Top right quadrant (annexin-V positive, PI positive) denotes
late-apoptotic cells. E: percentage of viable MDA-MB-231 and MCF10A cells after exposure to static conditions (static) or 10 pulses of elevated FSS (shear).
F: percentage of apoptotic MDA-MB-231 and MCF10A cells after exposure to static conditions (static) or 10 pulses of elevated FSS (shear). G: percentage of
necrotic MDA-MB-231 and MCF10A cells after exposure to static conditions (static) or 10 pulses of elevated FSS (shear). Values are means � SE of three
independent measurements. *P  0.05.
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shear forces within the bloodstream, compared with nonma-
lignant mammary epithelial cells.

Tumor cell resistance to cell death is FSS pulse dependent.
To assess the effect of the number of FSS pulses on tumor cell
resistance to cell death, leukocytes, MDA-MB-231 and MDA-
MB-468 cancer cells, and MCF10A epithelial cells were ex-

posed to a number of FSS pulses, ranging from 2–10 pulses,
with 90 s in between consecutive pulses, and subsequently
assessed for viability via calcein-AM dye retention and flow
cytometry quantification. No significant differences in cell
viability were observed between all cell types after exposure to
two pulses of elevated shear stress (Fig. 1C). However,

A                                                 B

C

D

kDa

kDa

kDa

kDa

siRNA siRNA

Fig. 3. Short hairpin RNA (shRNA)- and
small interfering RNA (siRNA)-mediated
knockdown (KD) of lamins A and C (A/C) in
MDA-MB-231 and MDA-MB-468 breast
cancer cells. A: Western blot of lamin A/C
expression in clonal (Clonal Pop) [nontarget
control (NT) and lamin A/C shRNA KD] and
heterogeneous (NT and lamin A/C shRNA
KD) populations (Hetero Pop) of MDA-MB-
231 cells. B: Western blot of lamin A/C
expression in MDA-MB-231 and MDA-MB-
468 cells after treatment with NT and lamin
A/C siRNA. C: fluorescence micrograph im-
ages of lamin A/C, lamin B1, and DNA in
Clonal Pop and Hetero Pop of MDA-MB-
231 cells after treatment with NT and lamin
A/C shRNA. D: fluorescence micrograph
images of lamin A/C, lamin B1, and DNA in
MDA-MB-231 and MDA-MB-468 cells af-
ter treatment with NT and lamin A/C siRNA.
Scale bar: 10 �m.
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MCF10A epithelial cells were significantly less viable than
MDA-MB-231 tumor cells after exposure to four pulses of
elevated FSS (Fig. 1C). MCF10A viability significantly de-
creased as the number of FSS pulses increased to 10 (25%
viability), while MDA-MB-231 and MDA-MB-468 breast can-

cer cells remained significantly higher in terms of viability
(�75%).

Increased cellular apoptosis and necrosis after exposure to
FSS pulses. FSS effects on cellular apoptosis and necrosis have
previously been examined in endothelial cells and osteoblasts

**
*

* **

** *

** **

* * * *
***

*
** ** **
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E                                           F

G                                          H

Fig. 4. Lamin A/C deficiency reduces tumor cell resistance to
FSS-induced cell death in a FSS dose-dependent manner. A and
B: percentage of viable parental (Prtl) MDA-MB-231 and lamin
A/C deficient (shRNA-mediated) MDA-MB-231 tumor cells
after exposure to static conditions (A) or 10-ms pulses of FSS
(B). C and D: percentage of viable lamin A/C deficient (siRNA-
mediated) MDA-MB-231 and MDA-MB-468 tumor cells after
exposure to static conditions (C) or 10-ms pulses of FSS (D). E:
dose response of Prtl and Hetero (Het) (NT and lamin A/C
shRNA KD) populations of MDA-MB-231 cells to FSS. F:
dose response of Prtl populations and Clonal Pop (NT and
lamin A/C shRNA KD) of MDA-MB-231 cells to FSS. G: dose
response of MDA-MB-231 (Prtl, NT, and lamin A/C siRNA
KD) cell populations to FSS. H: dose response of MDA-MB-
468 (Prtl, NT, and lamin A/C siRNA KD) cell populations to
FSS. All cell types were labeled with a cell viability dye
(calcein-AM), exposed to FSS, and immediately placed back
into culture for �18 h. Viability was determined via flow
cytometry by number of cells expressing calcein-AM. WSS 	
5,920 dyn/cm2. Values are means � SE of three independent
measurements. *P  0.05. **P  0.01.
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(2, 19, 52, 62); however, few studies have investigated such
effects in tumor and epithelial cells. To characterize the mode
of cell death induced by exposure to elevated FSS pulses,
MDA-MB-231 tumor cells and MCF10A epithelial cells were

placed into culture for 2 h after FSS exposure and then labeled
with an annexin-V/PI viability kit to assess for cellular apo-
ptosis and necrosis via flow cytometry. Under static conditions,
MDA-MB-231 (Fig. 2A) and MCF10A (Fig. 2B) cells re-
mained generally viable, as determined using the annexin-V/PI
assay. After FSS pulse exposure, the viable population of
MDA-MB-231 (Fig. 2C) and MCF10A (Fig. 2D) cells both
decreased, with increased apoptotic and necrotic populations in
both cell lines. On further characterization, it was found that
FSS pulses significantly decreased MCF10A viability and
significantly increased both cellular apoptosis and necrosis
compared with MDA-MB-231 cells (Fig. 2, E–G). These
results suggest that FSS pulses decrease tumor and epithelial
cell viability via increased cellular apoptosis and necrosis, and
that breast cancer cells are more resistant to FSS-induced
apoptosis and necrosis than mammary epithelial cells.

Lamin A/C knockdown reduces tumor cell resistance to
FSS-induced death. To assess the contribution of lamin A/C in
tumor cell resistance to FSS-induced death, lamin A/C-defi-
cient MDA-MB-231 cell lines were generated using both
shRNA (Fig. 3A) and siRNA (Fig. 3B). Heterogeneous and
clonal populations of stable lamin A/C knockdown MDA-MB-
231 cells were generated, and lamin A/C knockdown was
confirmed using Western blot analysis (Fig. 3A). Additionally,
lamin A/C was successfully knocked down in MDA-MB-468
and MDA-MB-231 cell lines using siRNA (Fig. 3B). Knock-
down was specific to lamin A/C in all cell types, as MDA-
MB-231 and MDA-MB-468 cells retained lamin B1 but were
deficient of lamin A/C, as determined by immunofluorescence
(Fig. 3, C and D). Knockdown of lamin A/C using shRNA
(Fig. 4A) and siRNA (Fig. 4C) had no significant effect on
MDA-MB-231 and MDA-MB-468 breast cancer cell viability
in the absence of FSS. However, after exposure to 10 consec-
utive pulses of elevated FSS, lamin A/C-depleted MDA-MB-
231 cells were significantly less viable than nontargeting
shRNA controls (Fig. 4B). This result was observed in both
heterogeneous and clonal MDA-MB-231 lamin A/C knock-
down populations; however, the clonal population showed
lower viability (�30%) than the heterogeneous population
(�50%). This is consistent with greater lamin A/C depletion in
the clonal population compared with the heterogeneous popu-
lation, as determined via Western blot and immunofluores-
cence (Fig. 3, A and C). Similar results were observed in
MDA-MB-468 and MDA-MB-231 cells following siRNA-

*

*

*

*

A                                  B

C                                  D

E                                  F

G                                 H

I                                   J

Fig. 5. Exposure to FSS induces increased apoptotic cell death in lamin
A/C-deficient MDA-MB-231 tumor cells. Cells were exposed to 10 pulses of
elevated FSS (WSS 	 5,920 dyn/cm2), placed back into culture for 2 h, and
assessed for apoptosis and necrosis using an annexin-V/PI assay. A–D: an-
nexin-V/PI flow cytometry plots of NT (A and C) and lamin A/C-deficient (B
and D) MDA-MB-231 cells derived from a Clonal Pop, exposed to static
conditions (A and B) and millisecond pulses of FSS (C and D). Bottom left
quadrant (annexin-V negative, PI negative) denotes viable cells. Top
left quadrant (annexin-V negative, PI positive) denotes necrotic cells. Bottom
right quadrant (annexin-V positive, PI negative) denotes early-apoptotic cells.
Top right quadrant (annexin-V positive, PI positive) denotes late-apoptotic
cells. E and F: percentage of viable MDA-MB-231 cells after exposure to static
conditions (E) or 10 pulses of elevated FSS (F). G and H: percentage of
apoptotic MDA-MB-231 cells after exposure to static conditions (G) or 10
pulses of elevated FSS (H). I and J: percentage of necrotic MDA-MB-231 cells
after exposure to static conditions (I) or 10 pulses of elevated FSS (J). Values
are means � SE of three independent measurements. *P  0.05.
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mediated knockdown of lamin A/C (Fig. 4, C and D). These
results suggest that lamin A/C knockdown reduces MDA-MB-
231 cancer cell resistance to FSS-mediated cell death.

Decreased tumor cell resistance to FSS-induced death via
lamin A/C knockdown is FSS-pulse dependent. To assess how
increasing the number of FSS pulses affects tumor cell death
after lamin A/C knockdown, lamin A/C knockdown MDA-
MB-231 and MDA-MB-468 cancer cells were exposed to a
number of FSS pulses, ranging from 2–10 pulses, with 90 s in
between consecutive pulses, and then assessed for viability via
calcein-AM dye retention and flow cytometry quantification.
No significant difference in viability in the heterogeneous
population of shRNA-mediated lamin A/C knockdown cancer
cells was observed after two and four consecutive pulses of
FSS, compared with nontargeted heterogeneous and parental
controls (Fig. 4E). Significant decreases in viability in the
heterogeneous population of lamin A/C knockdown cells were
observed after exposure to six pulses of elevated FSS or greater
(Fig. 4E). A significant decrease in viability in the clonal
population of shRNA-mediated lamin A/C knockdown cells
was observed after as few as four pulses of FSS, compared
with nontargeted clonal and parental controls (Fig. 4F). A
significant decrease in the viability of siRNA-mediated lamin
A/C knockdown MDA-MB-468 and MDA-MB-231 cells was
observed after exposure to six pulses of FSS, compared with
controls (Fig. 4, G and H).

The larger decrease in resistance in the lamin A/C knock-
down clonal population after FSS exposure is likely due to the
fact that minimal residual lamin A/C was detected after shRNA
knockdown in the clonal population (Fig. 3, A and C). Given
that a fraction of lamin A/C was still detectable after shRNA
knockdown in the heterogeneous population (Fig. 3A), and that
a subpopulation of MDA-MB-231 cells still expressed lamin
A/C based on immunofluorescence analysis (Fig. 3C), it is
likely that there is a subpopulation of cells capable of with-
standing FSS pulses in the heterogeneous cell population. This
would explain why the decreased resistance to FSS in the
MDA-MB-231 lamin A/C heterogeneous population is less
pronounced than that within the clonal counterpart (Fig. 4, E
and F). These results suggest that decreased resistance to
FSS-induced death of lamin A/C knockdown MDA-MB-231
cancer cells is FSS pulse dependent.

Lamin A/C knockdown increases FSS-induced tumor cell
apoptosis. To characterize the mode of lamin A/C knockdown
tumor cell death induced by exposure to elevated FSS pulses,
both clonal and heterogeneous populations of lamin A/C
knockdown MDA-MB-231 cells were placed into culture for 2
h after FSS pulse exposure and then labeled with an annexin-

V/PI viability kit to assess for cellular apoptosis and necrosis
via flow cytometry. Under static conditions, the viability of the
nontargeted (�84%) and lamin A/C knockdown (�82%)
clonal populations of MDA-MB-231 cancer cells remained
generally high (Fig. 5, A and B). As anticipated, the nontar-
geted clonal population of MDA-MB-231 cells decreased in
viability (�62%) and increased in cellular apoptosis and ne-
crosis (Fig. 5C). After lamin A/C knockdown, a greater de-
crease MDA-MB-231 cancer viability was observed (�40%)
compared with nontargeted controls. Interestingly, the decrease
in viability was largely due to increased rates of apoptosis,
which increased from �22 to �41% (Fig. 5D), while minimal
changes were observed in cellular necrosis. Upon comparison
of the parental, heterogeneous, and clonal populations, no
significant differences were observed in terms of viability (Fig.
5E), apoptosis (Fig. 5G), or necrosis (Fig. 5I) under static
conditions. Annexin-V/PI assay confirmed the calcein-AM
results, showing decreased viability in lamin A/C knockdown
cancer cells from both clonal and heterogeneous populations
after FSS exposure, compared with nontargeted and parental
controls (Fig. 5F). These differences in viability were due to
cellular apoptosis, which was significantly increased in lamin
A/C knockdown MDA-MB-231 cancer cells from both clonal
and heterogeneous populations after FSS exposure, compared
with nontarget and parental controls (Fig. 5H). However, no
significant differences in cellular necrosis were observed
across all populations after exposure to FSS (Fig. 5J). These
results suggest that lamin A/C depletion reduces MDA-MB-
231 tumor cell resistance to FSS-induced cell death by specif-
ically increasing tumor cell apoptosis. It is important to note
that the differences in viability found in the annexin-V/PI assay
are not as pronounced as those found using calcein-AM via-
bility staining, due to the fact that calcein-AM viability mea-
surements were not taken until after samples were incubated
overnight (�18 h), whereas annexin-V/PI measurements were
conducted only 2 h after FSS exposure to ensure detection of
early-apoptotic events, which typically occur within hours after
tumor cells are exposed to a stimulus to trigger apoptosis (25,
35, 66).

DISCUSSION

The present study shows that lamin A/C is critical for tumor
cells to withstand fluid shear forces in vitro and could play a
key role in allowing CTCs to withstand FSS in the circulation.
This is the first demonstration that lamin A/C promotes cell
survival under FSS, expanding on previous reports that deple-
tion of lamin A can reduce the survival of tumor cells under the
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Fig. 6. Western blot of lamin A/C expression in
nontreated MCF-10A, MDA-MB-231, and
MDA-MB-468 cells.
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stress of three-dimensional migration (24), and that lamin
A/C-deficient cells undergo significantly increased apoptosis
under mechanical strain, compared with wild-type fibroblasts
(33). While our results suggest that tumor cells with reduced
levels of lamin A/C have lower rates of survival in the
circulation, it is important to note that the overall role of lamin
A/C in tumor progression is likely more complex, as transport
in the bloodstream is just one of many steps in the metastatic
cascade. For example, low levels of lamin A/C could enhance
tumor cell invasion through tight interstitial spaces and ECMs
during the initial stages of metastasis, as lamin A/C-deficient
cells have more deformable nuclei and can move significantly
faster through narrow constrictions than cells with normal
lamin A/C expression (16), resulting in increased three-dimen-
sional migration of tumor cells (24). Finally, lamins may
promote metastasis through their role in transcriptional regu-
lation (63), including their requirement for mechanically acti-
vated gene transcription (26, 33), and lamin A/C is also known
to play a role in DNA repair and cell viability (20).

Future studies should explore whether the observed protec-
tive effect of lamin A/C to FSS is specific to tumor cells or
generalizable to all cell types in circulation. As discussed
above, functional loss of lamin A/C results in increased sus-
ceptibility to mechanical stress in a variety of cells, including
lamin A/C-deficient mouse embryo fibroblast and primary
human skin fibroblasts carrying dominant-negative lamin A/C
mutations (33, 67). On the other hand, neutrophils, which
predominantly reside in the circulation, express minimal levels
of lamins (54). Therefore, the effects of lamin A/C are ex-
pected to be context dependent at the molecular level and
dependent on the cell type. One reason may be that lamins bind
to a large number of interaction partners within cells (27), and
that the expression of these binding partners can vary between
cell types. Thus it is likely that different cell types will exhibit
different responses to lamin A/C depletion. In addition, per-
turbed signaling networks in tumor cells compared with normal
cells, such as p53 mutations (5), may contribute to further
differences in the effects of lamin A/C depletion.

Although it is likely that other structural components addi-
tionally contribute to increased tumor cell viability upon ex-
posure to FSS, the pronounced differences in viability between
lamin A/C knockdown and nontargeted MDA-MB-231 con-
trols after FSS demonstrate that lamin A/C play a crucial role
in providing mechanical support against such forces. While no
differences in lamin A/C expression were observed between
MCF10A and the two metastatic breast cancer cell lines (Fig.
6), and thus differences in sensitivity to FSS cannot be attrib-
uted to differential lamin A/C expression between tumor and
noncancerous cells, our finding that decreased levels of lamin
A/C result in increased sensitivity to FSS in metastatic breast
cancer cells is highly relevant in the clinical setting when
comparing different tumor cells. Recent work has shown that
breast cancer is often associated with decreased levels of lamin
A/C, and loss of lamin A/C negatively correlates with disease
survival (8, 61). However, our current work shows that lamin
A/C deficiency reduced tumor cell viability under shear stress
conditions of the bloodstream. Taken together, these studies
demonstrate that the role of lamin A/C in cancer metastasis is
highly complex, with multiple, context-specific, and at times
opposing functions, for example, during tissue invasion and in
circulation, warranting further studies.

Conclusions. The results from this study suggest that tumor
cells are resistant to elevated FSS, compared with epithelial
cells, in a FSS-pulse-dependent manner. MDA-MB-231 and
MDA-MB-468 breast cancer cells were found to be more
resistant to both FSS-induced cellular apoptosis and necrosis,
compared with MCF10A breast epithelial cells. Upon knock-
down of lamin A/C, MDA-MB-231 and MDA-MB-468 cells
became significantly less resistant to FSS, as evidenced by
decreased viability and significantly increased apoptosis. Re-
cent findings have reported that loss of lamins A/C can result
in increased cell death as cancer cells migrate through narrow
pores (24). Our results suggest that lamin A/C is also an
important structural component in CTCs for withstanding he-
modynamic shear forces and promoting subsequent metastasis
formation. Lamin A/C may thus serve as an important bio-
marker for CTCs and metastatic tumors. Clinically, lamin A/C
may also serve as a target for gene therapies, including siRNA
delivery, to promote CTC apoptosis within the bloodstream.
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