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ABSTRACT The oa-actinin family of actin cross-linking proteins have been implicated in driv-
ing tumor cell metastasis through regulation of the actin cytoskeleton; however, there has
been little investigation into whether these proteins can influence tumor cell growth. We
demonstrate that o-actinin 1 and 4 are essential for nutrient uptake through the process of
macropinocytosis in pancreatic ductal adenocarcinoma (PDAC) cells, and inhibition of these
proteins decreases tumor cell survival in the presence of extracellular protein. The a-actinin
proteins play essential roles throughout the macropinocytic process, where a-actinin 4 stabi-
lizes the actin cytoskeleton on the plasma membrane to drive membrane ruffling and mac-
ropinosome internalization and a-actinin 1 localizes to actin tails on macropinosomes to fa-
cilitate trafficking to the lysosome for degradation. In addition to tumor cell growth, we also
observe that the a-actinin proteins can influence uptake of chemotherapeutics and extracel-
lular matrix proteins through macropinocytosis, suggesting that the a-actinin proteins can
regulate multiple tumor cell properties through this endocytic process. In summary, these
data demonstrate a critical role for the a-actinin isoforms in tumor cell macropinocytosis,
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thereby affecting the growth and invasive potential of PDAC tumors.
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co's modified eagle’s medium; DPBS, Dulbecco’s phosphate-buffered saline; DQ-
collagen, dye quenching collagen; ECM, extracellular matrix; EGFR, epidermal
growth factor; EGTA, ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-
tetraacetic acid; EIPA, 5-(N-ethyl-N-isopropyl)-Amiloride FAK, focal adhesion ki-
nase; FBS, fetal bovine serum; FITC, Fluorescein isothiocyanate; FRAP, fluores-
cence recovery after photobleaching; G-actin, globular actin; GFP, green
fluorescent protein; HBSS, Hanks' Balanced Salt Solution; HPDE, human pancre-
atic ductal epithelial; IRB, institutional review board; KCI, potassium chloride;
Keratinocyte-SFM, serum free media; LSM, laser scanning microscopy; MgCly,
magnesium chloride; MgSQy, magnesium sulfate; MTT, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide; N-PTX, nab-paclitaxel; NaNj3, sodium
azide; Opti-MEM, minimal essential media; PCR, polymerase chain reaction;
PDAC, pancreatic ductal adenocarcinoma; PDX, patient derived xenograft;
PIPES, piperazine-N,N’-bis(2-ethanesulfonic acid); PM-mCherry, plasma mem-
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal
tumor types due in large part to the aggressive nature of the disease
and high rates of metastasis (Siegel et al., 2018; Orth et al., 2019).
Recent studies suggest that alterations in tumor cell metabolism are
largely responsible for providing the energy required to drive tumor
cell proliferation and invasion (Roy et al., 2015; Elia et al., 2018;
Labuschagne et al., 2019; Papalazarou et al., 2020). Activating mu-
tations in the oncogene KRAS, which occur in more than 90% of
PDAC patients, drive multiple changes in the utilization of meta-
bolic pathways in PDAC cells to promote tumor cell survival (Ying
etal., 2012; Bryant et al., 2014; Waters and Der, 2018; Buscail et al.,
2020). One recently described mechanism up-regulated by KRAS in
PDAC cells is macropinocytosis, the nonselective internalization of
extracellular material through membrane ruffling and vesicle forma-
tion (Commisso et al., 2013; Kamphorst et al., 2015; Bloomfield and
Kay, 2016). This pathway has been described to be utilized by tumor
cells to internalize a diverse collection of material, including albu-
min, extracellular matrix (ECM) proteins, and exosomes, which have
been shown to provide energy to support tumor cell proliferation
(Qian et al., 2014; Zhao et al., 2016; Olivares et al., 2017; Kim et al.,
2018). Additionally, macropinocytosis is being investigated as a
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mechanism by which chemotherapeutics could be delivered more
specifically to tumor cells and reduce off-target effects on healthy
cells (Ha et al., 2016; Kamerkar et al., 2017). Understanding the ma-
chinery that drives macropinocytosis in PDAC cells will provide
more direction in designing therapies for selective uptake and tar-
geting of tumor cells.

Macropinocytosis is dependent on cytoskeletal remodeling at
the plasma membrane to induce the formation of structures called
dorsal ruffles that form the beginning of a macropinosome. Ras sig-
naling cascades lead to activation of the Rho GTPase Rac1, initiating
actin polymerization and formation of branched actin networks that
provide structure for remodeling of the plasma membrane (Swan-
son, 2008; Fujii et al., 2013; Buckley et al., 2020). One family of pro-
teins important for stabilizing branched actin networks are the o-
actinin proteins, which are actin-bundling proteins that stabilize the
actin cytoskeleton in structures like lamellipodia and focal adhesions
(Sjoblom et al., 2008; Murphy and Young, 2015). o-Actinin 1 and o
actinin 4 represent the nonmuscle isoforms of the actinin family ex-
pressed in most cell types, and they function as homo- or heterodi-
mers to simultaneously bind and stabilize two actin filaments (Foley
and Young, 2014). In macrophages, where macropinocytosis is a
constitutive process, a-actinin 4 was shown to localize to membrane
ruffles where macropinosomes are internalized (Araki et al., 2000).
Additionally, a recent full-genome small interfering RNA (siRNA)
screen of proteins involved in HRAS-driven macropinocytosis in
Hela cells revealed a collection of actin-related proteins that were
required for this process, including o-actinin 4 (Ramirez et al., 2019).
While these pieces of evidence point toward a role for a-actinin 4 in
macropinocytosis, the role of the two nonmuscle a-actinin isoforms
has not been studied in KRAS-driven macropinocytosis of PDAC
cells, and the molecular function of these proteins during this pro-
cess remains poorly defined.

o-Actinin 4 is overexpressed in multiple types of cancer, includ-
ing PDAC (Honda et al., 2005; Honda, 2015; Yamamoto et al., 2007;
Kikuchi et al., 2008; Welsch et al., 2009; Shao et al., 2014; Wang
et al., 2015; Surcel et al., 2019), while o-actinin 1 has been impli-
cated less frequently in cancer progression (Kovac et al., 2018; Yang
etal., 2019; Xie et al., 2020). a-Actinin 4 enhances tumor cell migra-
tion and invasion through regulating focal adhesion formation and
the stabilization of invasive protrusions called invadopodia to de-
grade the ECM during PDAC cell invasion (Fukumoto et al., 2015;
Yamaguchi et al., 2017; Burton et al., 2020). Overexpression of o-
actinin 4 in PDAC is associated with decreased survival of patients
(Kikuchi et al., 2008; Welsch et al., 2009; Burton et al., 2020), so
understanding how o-actinin 4 enhances the aggressiveness of
PDAC will provide useful information about how to best treat this
highly metastatic disease.

While the oi-actinin proteins are critical regulators of tumor cell
migration by controlling the actin cytoskeleton, there has been lim-
ited investigation into how the actinins may also influence tumor
cell growth or nutrient uptake through cytoskeletal regulation dur-
ing macropinocytosis. It was reported that knockdown of a-actinin
4 in orthotopically transplanted tumor cells in immunodeficient
mice impaired growth (Kikuchi et al., 2008), but the mechanism has
not been studied. o-Actinin 4 is overexpressed in primary PDAC
tumors, so this overexpression of a-actinin 4 may be providing a
growth advantage to the primary PDAC tumor. In addition, the con-
servation of machinery between tumor cell growth and metastasis
would provide a useful mechanism by which tumor cells could co-
ordinate nutrient uptake and energy production with invasion dur-
ing the metastatic process. To this end, we hypothesized that the
o-actinin proteins were involved in the regulation of macropinocy-
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tosis in PDAC cells and through this could impact tumor growth. In
this study, we first identify isoform-specific roles for the a-actinin
proteins in macropinocytosis. We observe that o-actinin 4 is re-
quired for membrane ruffling to form the macropinosome, while
o-actinin 1 is required for trafficking of macropinosomes to the
acidic lysosome for degradation. Using a model of tumor cell
growth dependent on uptake of extracellular protein, we then show
that the function of the a-actinin isoforms in macropinocytosis is
required for optimal cell growth, supporting a role for these actin
cross-linking proteins in tumor progression. Additionally, we extend
the role of the a-actinin proteins in PDAC cell macropinocytosis to
functional outcomes other than nutrient uptake, including uptake
of the albumin-bound chemotherapeutic nab-paclitaxel (N-PTX), as
well as the uptake of ECM proteins like collagen, which could sup-
port invasive migration during metastatic dissemination from the
primary tumor. Together, these observations demonstrate a role for
the a-actinin proteins in growth-promoting processes in tumor cells
and link cell growth and invasion through the coordination of the
actin cytoskeleton.

RESULTS

o-Actinin 1 and 4 contribute to enhanced cell viability by
supporting macropinocytosis

We previously reported that both a-actinin 1 and 4 are expressed
in the neoplastic ducts in primary PDAC tumors and patients with
high oi-actinin 4 expression had decreased survival compared with
patients with low o-actinin 4 expression (Burton et al., 2020).
While we previously focused on the role of o-actinin 4 in tumor
cell invasion through the function of invadopodia, we were inter-
ested in determining whether the expression of a-actinin 1 and 4
in the primary PDAC tumors was important for tumor cell growth.
The chromosomal locus where the a-actinin 4 gene resides is
known to undergo an amplification event in PDAC which drives
increased a-actinin 4 expression (Kikuchi et al., 2008), so the o-
actinin proteins may be important for tumor progression before
metastasis. To further define the role of the actinins in PDAC
growth and metastasis, we performed additional immunohisto-
chemical staining of PDAC and normal pancreas tissue sections to
compare the expression of o-actinin 1 and 4 with a widely used
indicator of cell proliferation, Ki-67, and an indicator of enhanced
KRAS activity and macropinocytosis, phosphorylated ERK. While
pancreatic acinar cells expressed low to moderate levels of all
these proteins, a markedly increased expression of both a-actinin
isoforms as well as Ki-67 and p-ERK was observed in the neoplas-
tic ducts, suggesting a functional correlation (Figure 1A). To di-
rectly test for a role of a-actinin 1 and 4 in cell proliferation and
viability, cultured human PDAC cells (MIA PaCa-2 and Dan-G), as
well as the benign human pancreatic ductal epithelial (HPDE) cell
line, were subjected to siRNA knockdown of a-actinin 1 or 4 and
cultured for 5 d, followed by a 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay. As depicted in Figure 1,
B and C, knockdown of either o-actinin isoform reduced the
growth of the PDAC tumor cells by 40-50% over the 5 day growth
period compared with control treated cells (Figure 1, B and C). We
observed a similar 30-40% decrease in cell viability after knock-
down of a-actinin 1 or 4 in the normal HPDE cells, reinforcing the
concept of an important role for the a-actinin proteins in prolifera-
tion (Supplemental Figure 1A). These data suggest that in addi-
tion to regulating tumor cell invasion (Fukumoto et al., 2015; Ya-
maguchi et al., 2017; Burton et al., 2020), the expression of the
nonmuscle o-actinin isoforms in the primary PDAC tumor may
provide a proliferative advantage.
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FIGURE 1: a-Actinin 1 and 4 show increased expression in patient PDAC tumors and correlate
with tumor cell viability. (A) Immunohistochemical staining of human primary PDAC and adjacent
normal tissue sections stained for a-actinin 1 and 4 as well as markers for proliferation (Ki-67)
and cells with high KRAS activity (p-ERK Thr 202/Tyr 204). (B, C) MTT cell viability assays were
performed in MIA PaCa-2 (B) and Dan-G (C) cells after 5 day on cells treated with siRNA against
o-actinin 1 or 4. Graphed data represent the mean + SEM for three independent experiments.
Scale bars: 20 pm (A). A two-tailed Student’s t test was used to measure statistical significance,

and significant p values are shown above the graphs.

The actin cytoskeleton plays a central role in macropinocytosis,
a process now well-defined to provide tumor cells with a nutritional
source (Commisso et al., 2013; Bloomfield and Kay, 2016). As the
o-actinins participate in the regulation of actin dynamics, we tested
whether these proteins might play an important role in tumor cell
macropinocytosis. To follow macropinocytosis in PDAC cells in cul-
ture, we expressed a form of mCherry tethered to the plasma mem-
brane (PM-mCherry) that uses the N-terminal 10 amino acids in Lyn
kinase that are sites for myristoylation and palmitoylation to
drive insertion into the plasma membrane. This probe was used
previously to study macropinocytosis in cultured cells as it labels
membrane ruffles and plasma membrane-derived vesicles
(Corbett-Nelson et al., 2006; Dolat and Spiliotis, 2016). Expression
of PM-mCherry in human 6741 pancreatic cancer cells, which were
cultured from a patient-derived xenograft, or in MIA PaCa-2 cells
revealed high levels of membrane ruffling and vesicle internaliza-
tion consistent with macropinocytosis. Further, green fluorescent
protein (GFP)-tagged forms of either a-actinin 1 or o-actinin 4
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showed marked localization to both dy-
namic membrane ruffles and the surface of

MIA PaCa-2 : e k -

. internalizing macropinosomes (Figure 2,
p=0.05 A-D; Supplemental Videos 1 and 2). When
p=0.01 normalized to PM-mCherry, both a-actinin
1.0 1 and o-actinin 4 localization to membrane
e © ruffles was enriched by 50-80% compared
with nonruffling regions within each cell

0.5 (Figure 2, E and F).
To test the requirement of the two o-
actinin isoforms in PDAC macropinocytosis,
0:0= we measured the uptake of the macropino-
é& 'Q\ ,&'\, cytic cargo 70 kDa tetramethylrhodamine
X &\Q\.ob‘ (TMR)-dextran in cells following siRNA-me-
,’bo \(\\ diated knockdown of either a-actinin pro-
6}6 'Q,C’ tein. As a control, cells were treated with the
é\° Na*/H* transporter inhibitor 5-(N-ethyl-N-
isopropyl)-Amiloride (EIPA) (Figure 2, G and
Dan-G H), known to attenuate macropinocytosis
157 through disruption of the pH near the
p=0.004 plasma membrane, leading to impaired ac-
p=0.01 tin remodeling (Koivusalo et al., 2010).
104 While both a-actinin isoforms localize to the
° site of macropinosome internalization, we
0.54 observed that knockdown of a-actinin 4 sig-
’ nificantly reduced dextran uptake by 80% in
MIA PaCa-2 cells, while knockdown of a-
0.0 actinin 1 led to only a modest decrease in
’ A& N o dextran uptake (Figure 2, G, H, and M).
\é & b&% Similar effects were observed in two addi-
@ g}o & tional PDAC cell lines (Dan-G and CFPAC-1:
é,‘bo O\Q Supplemental Figure 1, C-E and F-H) and
> 6,0 with an additional siRNA against o-actinin 4
q',\ (Supplemental Figure 1, I-K). These PDAC

cell lines were chosen for study based on
having the most robust uptake of dextran
among the eight cell lines tested. Additional
knockdown experiments using a second
widely used macropinocytosis cargo, TMR-
tagged bovine serum albumin (BSA), were
also performed and again showed a strong
requirement for the presence of a-actinin 4
compared with that of a-actinin 1 (Figure 2,
| and J). Knockdown of o-actinin 4 reduced
BSA uptake by 70%, where knockdown of o-actinin 1 more mod-
estly reduced uptake by 30%. Finally, this dependence on a-actinin
4 versus a-actinin 1 was also observed in manipulated tumor cells
challenged to internalize a labeled ECM protein, DQ-collagen,
which fluoresces upon cleavage (Figure 2, K and L). Here, depletion
of a-actinin 4 nearly completely blocked uptake of cleaved colla-
gen, where reduction of a-actinin 1 had no effect. Taken together
these findings support a differential requirement for a specific
o-actinin, o-actinin 4, during the macropinocytic internalization of
nutritional components.

o-Actinin 4 promotes cortical actin dynamics to drive
macropinocytosis

To address the mechanism by which o-actinin 4 mediates macropi-
nocytosis in PDAC cells, we first investigated the effects of a-actinin
knockdown on actin dynamics. To this end, live cell imaging was
performed using the actin probe LifeAct-mCherry in MIA PaCa-2
cells treated with siRNA against either a-actinin 1 or 4, and the
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o-Actinin 4, but not o--actinin 1, is required for uptake of macropinosomes in PDAC cells. (A, B) Live cell
imaging of 6741 PDX cells expressing either GFP-a-actinin 1 (A) or GFP-o-actinin 4 (B) with PM-mCherry was performed
to visualize membrane ruffling and macropinosome internalization. Arrows indicate a-actinin—positive membrane ruffles
where PM-mCherry—positive macropinosomes are internalized. (C, D) Live cell imaging of MIA PaCa-2 cells expressing
either GFP-a-actinin 1 (C) or GFP-o-actinin 4 (D) with PM-mCherry confirms that the a-actinin isoforms localize to
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percentage of cells that exhibited stress fibers or membrane ruffles
was quantified. In control cells, membrane ruffles were observed in
approximately 40-50% of cells while few stress fibers were ob-
served, consistent with a dynamic actin cortex that supports mac-
ropinocytosis. Importantly, actin organization was severely altered in
o-actinin 4 knockdown cells, with most cells exhibiting significantly
less actin dynamics and membrane ruffling while accumulating ro-
bust cortical actin and large stress fiber—like structures along the cell
periphery (Figure 3, A-C; Supplemental Videos 3-5). This reduction
in actin dynamics was also observed in Dan-G cells, where the num-
ber of cells exhibiting membrane ruffles decreased from 60% in con-
trol cells to 30% after a-actinin 4 knockdown (Supplemental Figure
2, A-C). In contrast, cells that were treated with siRNA to reduce
endogenous o-actinin 1 showed little change in actin organization
or dynamics in both PDAC cell lines.

Our analysis of actin dynamics was extended by methods to
quantify actin incorporation and turnover at the plasma membrane.
While the a-actinin isoforms act as known actin cross-linking pro-
teins, they can also indirectly influence the formation of actin net-
works primarily through an interaction with the Arp 2/3 actin nucle-
ating complex. Further, altering the expression of o-actinin can
impact the formation of actin networks at sites such as the cortical
cytoskeleton and at focal adhesions (Mukhina et al., 2007; Tang and
Brieher, 2012; Pizarro-Cerda et al., 2017). Therefore, it seemed plau-
sible that a loss of a-actinin 4 might impair macropinocytosis and
membrane ruffling by limiting the ability of the cells to reorganize
the actin cytoskeleton on the plasma membrane during this highly
dynamic process. Fluorescence recovery after photobleaching
(FRAP) analysis was performed in MIA PaCa-2 cells expressing GFP-
B-actin to measure the rate of actin treadmilling in the cortical actin
cytoskeleton associated with the plasma membrane. Cortical GFP-
B-actin was photobleached, and the recovery of actin to these re-
gions was monitored for 50 s. There was a significant decrease of
the GFP-B-actin FRAP in cells following knockdown of a-actinin 4. In
comparison, cells with reduced o-actinin 1 did not exhibit a de-
crease in the FRAP of GFP-B-actin at the plasma membrane (Figure
3, D-F and H-J). We also measured the recovery half-times of GFP-
B-actin on the plasma membrane and, while a statistical difference
was not observed, we found that knockdown of o-actinin 1 tended
to lead to faster recovery of actin. This again suggests that the actin-
binding affinity and the roles of the two a-actinin isoforms in organi-
zation of the actin cytoskeleton are distinct from each other in PDAC
cells (Figure 3, G and K). This also implicates o-actinin 4 in dynamic
actin treadmilling at the plasma membrane.

We additionally tested the requirement for a-actinin in the in-
corporation of actin into growing filaments by performing actin

nucleation assays with rhodamine G-actin following knockdown of
a-actinin 1 or 4 (Chan et al., 1998, 2000). In control cells, we ob-
served significant incorporation of rhodamine G-actin into the cor-
tical cytoskeleton where membrane ruffling would be occurring.
However, after knockdown of a-actinin 4 we observed a 40% de-
crease in rhodamine G-actin fluorescence and much less incorpo-
ration of the fluorescent actin into the cortical cytoskeleton. Knock-
down of a-actinin 1 resulted in a more modest 25% decrease in
rhodamine G-actin incorporation (Figure 3, L and M). These find-
ings suggest that o-actinin 4 preferentially regulates cortical actin
dynamics that can, in turn, support macropinocytotic uptake of
cargo.

a-Actinin 1 regulates macropinosome trafficking to the
lysosome for degradation of cargo

Though o-actinin 4 has a more prominent role in regulating mac-
ropinocytic uptake, live cell imaging revealed localization of both
o-actinin 1 and 4 to macropinosomes following internalization and
suggested that they may remain associated with macropinosomes
during transport through the cytoplasm (Figure 2, A and B). As an
alternate method to visualize this process, live cell imaging of GFP-
o-actinin 1 and 4 was performed in cells loaded with TMR-dextran
to visualize movement of the macropinosomes postinternalization.
Both o-actinin isoforms can be observed on numerous TMR-dex-
tran—positive vesicles in the cytoplasm (Figure 4, A and B; Supple-
mental Videos 6 and 7), suggesting that the role of a-actinin in mac-
ropinocytosis may extend beyond the internalization at the plasma
membrane. The polarized orientation of GFP-a-actinin 1/4 on mac-
ropinosomes suggested that these structures may represent actin
comet tails, which are made up of bundled actin filaments that un-
dergo active treadmilling to push the associated vesicle forward
through the cytoplasm (Orth et al., 2002; Fehrenbacher et al., 2003).
Analysis of the movement of individual macropinosomes using the
TrackMate plug-in in ImageJ revealed that the GFP-o-actinin 1/4
tails on macropinosomes were oriented toward the rear of the vesi-
cle during trafficking, which suggests that these GFP-o-actinin 1/4
tails may be involved in the propulsion of macropinosomes (Figure
4, A and B). Subsequent imaging of these cells expressing GFP-a-
actinin 1 or 4 and LifeAct-mCherry, to follow real time actin dynam-
ics, revealed polarized tufts of newly assembled actin with associ-
ated GFP-o-actinin 1/4 upon the translocating macropinosomes
loaded with Alexa 647-labeled N-PTX, another macropinocytic
cargo in PDAC cells (Supplemental Figure 3, A and B). The require-
ment for o-actinin 1 in the formation of these actin comets was
tested using live cell imaging of MIA PaCa-2 cells expressing GFP-
LifeAct to mark the actin cytoskeleton after macropinocytic uptake

membrane ruffles. (E, F) Line scan analysis of GFP-a-actinin 1 (E) or GFP-a-actinin-4 (F) fluorescence relative to PM-
mCherry fluorescence was quantified in membrane ruffle (yellow lines) and static plasma membrane regions (white lines)
in 10 cells across three experiments. Graphs show paired measurements within cells to control for levels of protein
expression, and statistical analysis was performed using a paired t test. (G, H) TMR-dextran uptake assays were
performed in MIA PaCa-2 cells by incubating cells with 1T mg/ml TMR-dextran for 20 min, followed by fixation and DAPI
staining. The macropinocytic index was calculated as (area of dextran/total cell area) x 100 and normalized to the siNT
control. (I, J) TMR-BSA uptake assays were performed in MIA PaCa-2 cells as described previously for TMR-dextran.

(K, L) Dan-G cells were plated on coverslips coated with collagen and DQ-collagen for 16 h, and the amount of
DQ-collagen internalized into the cells was quantified. (M) Western blot showing the knockdown efficiency of the
o-actinin 1 and 4 siRNAs in MIA PaCa-2 cells. Scale bars: 10 um. Graphed data represent the mean + SEM, and plotted
data points represent average values for individual experiments, with at least three independent experiments
performed. A total of 10 40x fields of cells were quantified for each condition per experiment for all macropinocytic
uptake assays. A two-tailed unpaired Student’s t test (and paired t test for Figure 2, E and F) was used to measure
statistical significance, and significant p values are shown above the graphs.
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of TMR-dextran. We observed a significant decrease in the number
of dextran vesicles positive for GFP-LifeAct tails in the o-actinin 1
knockdown cells, indicating that o-actinin 1 supports the stabiliza-
tion of these structures (Figure 4, C and D). It was not possible to
test the requirement for a-actinin 4 in comet formation on macropi-
nosomes, as macropinosome internalization was markedly reduced
following a-actinin 4 knockdown (Figure 2). The velocity of the inter-
nalized macropinosomes was also tested, but no differences follow-
ing a-actinin 1 knockdown were observed, suggesting that while
o-actinin 1 may be required for actin comet formation, it does not
control trafficking velocity (Figure 4E). Of note, it is possible that o-
actinin 4 may be able to compensate for the loss of a-actinin 1 in
these experiments. These findings are consistent with the premise
that the a-actinin proteins localize to actin comets.

As the role of actin comets is to facilitate vesicle trafficking, we
tested whether a-actinin 1 was required for macropinosome traffick-
ing to the lysosome, where its contents are degraded. To assess
macropinosome trafficking to the terminal endocytic compartment,
we first measured the amount of colocalization with lysosomes la-
beled with Lysotracker Blue following TMR-dextran loading and a
chase in label-free media for 0 or 120 min. A 50% increase in colo-
calization between TMR-dextran and Lysotracker was observed fol-
lowing the 120-min chase in control cells, consistent with trafficking
to the lysosome. Importantly, in the a-actinin 1 knockdown cells,
there was no noticeable increase in colocalization between TMR-
dextran and Lysotracker between the 0 and 120 min time points,
indicating a defect in lysosomal targeting (Figure 4, F and G). An
additional strategy was employed in which cells were concomitantly
labeled with both TMR-dextran, as a general macropinosome
marker, and DQ-BSA, which fluoresces only upon cleavage within
the acidic lysosome. The appearance of DQ-BSA fluorescence
would indicate targeting of the internalized macropinosomes to the
lysosome. DQ-BSA was confirmed to mark acidic lysosomes as
more than 90% colocalization with Lysotracker was observed (Sup-
plemental Figure 3, F and G). We next tested whether o-actinin 1
was required for lysosomal accumulation and fluorescence of DQ-
BSA. Following macropinocytic uptake, cells were chased in TMR-
dextran and DQ-BSA-free media for 0-120 min to allow for internal-
ization and trafficking of macropinosomes, and then the cells were
imaged and the TMR-dextran and DQ-BSA fluorescence was mea-
sured. Control MIA PaCa-2 cells showed an appreciable increase in
DQ-BSA emittance within dextran-positive lysosomes by 60-120
min, suggesting an active transfer of cargo from the macropino-
some to the lysosome. As predicted, a-actinin 1 knockdown did not
affect macropinosome internalization as measured by TMR-dextran
uptake (Figure 4, H and I). However, cells with reduced o-actinin 1
exhibited a 30% reduction in DQ-BSA fluorescence after the 120 min

chase, suggesting a decreased efficiency in the trafficking of mac-
ropinosomes to the lysosome (Figure 4, H and J). A similar outcome
was observed in Dan-G cells (Supplemental Figure 3, C-E). To en-
sure that the reduced DQ-BSA signal was not due to decreased
lysosome acidity in cells depleted for a-actinin 1, the pH-sensitive
Lysotracker dye was utilized as a control and showed no reduction in
the number or intensity of lysosomes in control versus o-actinin 1
knockdown cells (Figure 4, K and L). Taken together these findings
suggest that a-actinin 1, while not essential for macropinosome in-
ternalization, is required for the trafficking of macropinosomes to
the lysosome in PDAC cells.

a-Actinin 1/4 are required for macropinocytosis-derived
nutrient uptake and proliferation

Macropinocytosis of extracellular material has been shown to sup-
port PDAC cell proliferation by supplying tumor cells with additional
nutrients to support high metabolic demands (Commisso et al.,
2013; Kamphorst et al., 2015; Olivares et al., 2017). The observa-
tions described above indicate that both a-actinin isoforms are in-
volved in the formation, uptake, and trafficking of macropinosomes
to the lysosome for degradation and therefore could play a central
role in tumor cell proliferation. To this end, cell viability assays were
utilized to test the requirement of tumor cells taking up BSA through
macropinocytosis to support cell growth in low nutrient conditions
(Commisso et al., 2013). In this assay, cells were cultured in low-
glutamine media to suppress growth, with the addition of 3% BSA
stimulating proliferation by providing a glutamine source that can
be catabolized through macropinocytosis and lysosomal degrada-
tion. This assay was used to test whether experimentally induced
reduction of either a-actinin isoform would block BSA-stimulated
growth. Importantly, knockdown of a-actinin 4, which inhibits mac-
ropinocytosis (Figure 2), or a-actinin 1, which decreases macropino-
some trafficking to the lysosome (Figure 4), markedly decreased the
response of tumor cells to exogenous BSA as compared with control
cells (Figure 5, A and B). This indicates that the high proliferative
capacity of PDAC cells is at least in part reliant on the role of the a-
actinin isoforms in the uptake and trafficking of extracellular material
to the lysosome as a nutritional source.

It is now known that conjugating chemotherapeutics to large car-
riers such as albumin, exosomes, or liposomes facilitates specific
uptake of drugs into tumor cells through macropinocytosis (Liu
et al., 2019; Liu and Ghosh, 2019). N-PTX is an albumin-conjugated
form of paclitaxel that is used to treat pancreatic cancer, in combina-
tion with gemcitabine (Von Hoff et al., 2013; Al-Batran et al., 2014;
Rajeshkumar et al., 2016). N-PTX exhibits increased stability in the
circulation and is more efficient at inducing PDAC cell death than
paclitaxel alone. We first tested whether N-PTX is internalized by

quantified per condition. White arrows indicate stress fibers, and yellow arrows indicate membrane ruffles. (D-K) FRAP
of the cortical actin cytoskeleton was performed in MIA PaCa-2 cells expressing GFP-B-actin after knockdown of
o-actinin 1 (D-G) or o-actinin 4 (H-K), which significantly reduced FRAP of cortical actin. Plasma membrane regions were
imaged for 10 s before photobleaching, and GFP-B-actin recovery was measured for 50 s. Three plasma membrane
regions in 18 cells were analyzed per condition. Percent FRAP (F, J) was calculated as the average percentage of actin
fluorescence recovered, using prebleach fluorescence as 100% and the frame after bleaching as 0% (E, I). Half-time
values for the recovery of GFP-B-actin fluorescence were calculated using nonlinear regression analysis of the FRAP
curves in E and | (G, K). (L-M) Rhodamine actin incorporation assays were performed by permeabilizing cells in the
presence of 1 pM rhodamine G-actin for 15 min, followed by fixation. Cells were stained with FITC phalloidin (green) to
label all actin filaments, while the rhodamine G-actin (red) shows newly incorporated actin, which is significantly
decreased following knockdown of a-actinin 4. The relative mean fluorescence intensity of the rhodamine G-actin is
plotted in M. A total of 10 40x fields of cells were quantified per condition for each rhodamine G-actin experiment.
Scale bars: 10 pm (A, L), 3 pm (D, H). Graphed data represent the mean + SEM, and plotted data points represent
average values for individual experiments, with at least three independent experiments performed. Two-tailed Student’s
t test was used to measure statistical significance, and significant p values are shown above the graphs.
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o-Actinin 1 participates in trafficking of macropinosomes to the lysosome for degradation. (A, B) Live cell
imaging of MIA PaCa-2 cells expressing either GFP-a-actinin 1 (A) or GFP-o-actinin 4 (B) was performed after loading
cells with TMR-dextran for 20 min to visualize trafficking of macropinosomes. TrackMate analysis was used to analyze
the direction of macropinosome movement relative to the position of the o-actinin tail. The yellow line represents the
track of movement of the course of imaging, marked by a white asterisk (start of track) and a yellow asterisk (end of
track), and the arrows indicate the vector of movement of the dextran vesicle at the indicated time points, indicating
that the o-actinin tails are positioned behind the moving macropinosome. (C-E) MIA PaCa-2 cells expressing
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macropinocytosis in PDAC cells, as it has previously been reported
to be internalized by macropinocytosis in macrophages (Cullis et al.,
2017) and other albumin-conjugated drugs have been shown to uti-
lize this pathway for entry into tumor cells. N-PTX was conjugated to
the far-red Alexa 647 dye in order to monitor its uptake and traffick-
ing inside of tumor cells. After loading cells with both Alexa 647-N-
PTX and the macropinocytosis cargo TMR-dextran, we observed
extensive intracellular colocalization between the two cargoes, indi-
cating they are both present in macropinosomes (Figure 5C). Fur-
ther, treatment with the macropinocytosis inhibitor EIPA blocked
uptake of Alexa 647-N-PTX, suggesting that N-PTX is internalized
via macropinocytosis in tumor cells (Figure 5, D and E). Importantly,
knockdown of a-actinin 4 also inhibited the uptake of N-PTX into
tumor cells, consistent with the inhibition of uptake of the known
macropinocytic cargoes dextran and BSA (Figure 5, D and E). Knock-
down of a-actinin 1 did not affect N-PTX uptake in PDAC cells
(Figure 5, D and E). These findings were also confirmed in Dan-G
cells (Supplemental Figure 4, A and B). In addition, live cell imaging
of GFP-a-actinin 1 or 4 in cells loaded with Alexa 647-N-PTX re-
vealed that both o-actinin isoforms localized to N-PTXfilled vesi-
cles as they trafficked inward post internalization (Figure 5, F and G).
Both a-actinin isoforms localized to these vesicles to a similar ex-
tent, consistent with what we observed with dextran vesicles (Figure
4, A-D). Together these drug-based studies suggest that N-PTX is
internalized and transported to the lysosome in PDAC cells through
a macropinocytotic process supported in distinct ways by a-actinin
1 and 4. These findings suggest that macropinocytosis can also be
utilized therapeutically as a way to deliver chemotherapeutics to tu-
mor cells known to exhibit amplified macropinocytosis due to en-
hanced expression of the o-actinin proteins and other cytoskeletal
regulators.

DISCUSSION

The actin cross-linking protein o-actinin is a well-established reg-
ulator of cell migration during tumor cell metastasis, and its over-
expression in PDAC worsens patient prognosis. In this study, we
identify that the a-actinin isoforms are able to sustain tumor cell
growth via regulation of macropinocytosis. This includes not only
regulation of the actin cytoskeleton during membrane ruffling to
internalize macropinosomes (Figures 2 and 3), but also the for-
mation of actin comets on macropinosomes that traffic these
vesicles to the lysosome to release nutrients for cell growth
(Figure 4). Via this process, a-actinin 1 and 4 impact not only tu-
mor cell growth (Figure 5), but also uptake of chemotherapeutics
(Figure 5) and internalization of ECM proteins during invasion

(Figure 2). Together, these data highlight mechanisms by which
the cytoskeletal remodeling machinery is able to impact a di-
verse number of tumor cell processes beyond cell migration and
point toward new therapeutic vulnerabilities of PDAC cells that
could inhibit tumor growth and metastasis simultaneously.

The a-actinin isoforms have unique functions during macropino-
cytosis, where o-actinin 4 is required for uptake (Figure 2) and a-
actinin 1 may be more important for trafficking. While the two pro-
teins are very similar by genetic sequence, the processes these
proteins support may be quite different. Previous studies have iden-
tified functional differences between the a-actinin proteins during
processes such as invadopodia formation, cell motility, adhesion,
and the ability to translocate to the nucleus and act as a transcrip-
tional coactivator (Babakov et al., 2008; Quick and Skalli, 2010; Shao
etal., 2010; Fukumoto et al., 2015; An et al., 2016; Yamaguchi et al.,
2017; Burton et al., 2020). There is, however, a lack of understand-
ing of what facilitates these functional distinctions between the o-
actinin isoforms, as they share the same domain structure. One pos-
sibility is that posttranslational modifications downstream of
signaling pathways that drive these processes may act on only one
isoform, as the o-actinin proteins have been shown to be modified
by pathways such as EGFR and FAK signaling (lzaguirre et al., 2001;
Shao et al., 2010). The o-actinin proteins also interact with a wide
variety of proteins, which may separately drive their recruitment to
discrete regions of the cell. There are also splice variants of the a-
actinin proteins that affect their sensitivity to calcium, which could
impact the actin-bundling activity of these proteins and change their
function in the cell (Foley and Young, 2013). In addition, the o-
actinin isoforms have been reported to have differential actin-bind-
ing affinities, which can be impacted by alternative splicing and in-
dicates that o-actinin 1 has a much higher actin-binding affinity than
o-actinin 4 (Meyer and Aebi, 1990; Murphy and Young, 2015;
Rajeshkumar et al., 2016; Morita et al., 2020). Additionally, previous
research has indicated that o-actinin 4 acts as a mechanosensitive
actin-binding protein through its catch-slip activity that allows it to
bind or release actin based on mechanical tension. This could po-
tentially explain why we observe o-actinin 4 is more important for
the dynamic actin remodeling in membrane ruffles (Xu et al., 1998;
Fukumoto et al., 2015; Hosseini et al., 2020). In addition, while we
were interested in trafficking of macropinosomes to the lysosome as
that provides nutrients to the proliferating tumor cells, the actinin
proteins may also regulate recycling of material from macropino-
somes back to the plasma membrane via interactions with other
actin nucleating machinery such as WASH. Thus, additional roles
and means of regulation could indicate multiple mechanistic

GFP-LifeAct were loaded with 1 mg/ml TMR-dextran for 20 min, followed by live cell imaging to measure actin comet
tail formation and macropinosome velocity. The percentage of macropinosomes with GFP-LifeAct comet tails was
quantified manually in 17-24 cells per condition, and macropinosome velocity was calculated using the TrackMate
plug-in in ImageJ. (F, G) MIA PaCa-2 cells were loaded with 1 mg/ml TMR-dextran following treatment with the
indicated siRNAs and chased in label-free media for 0 or 120 min and stained with Lysotracker Blue to measure
trafficking of macropinosomes to the acidic lysosome. The percentage of dextran vesicles colocalized with Lysotracker
was measured using ImageJ, and white lines indicate cell borders. (H-J) Monitoring the trafficking of macropinosomes
to the lysosome was performed in MIA PaCa-2 cells by incubating cells with 1 mg/ml TMR-dextran and 0.5 mg/ml
DQ-BSA for 20 min, followed by replacing the media and chasing for 0-120 min. The macropinocytic index for TMR-
dextran representing macropinosome uptake (I) and the amount of DQ-BSA trafficked to the lysosome (J) were
quantified across the different time points and show a reduction in DQ-BSA fluorescence after a 120 min chase in
o-actinin 1 knockdown cells. (K, L) Lysosome number per cell was quantified in MIA PaCa-2 cells by labeling cells with
Lysotracker Deep Red to label acidic endosomes. Scale bars: 2 pm (A, B), 10 pm (C, F, H, K). Graphed data represent the
mean + SEM, and plotted data points represent average values for individual experiments, with at least three
independent experiments performed. A total of 10 40x fields of cells were quantified for each condition per experiment
for all macropinosome trafficking (F-J) and lysosome number (K, L) assays. An unpaired two-tailed Student's t test was
used to measure statistical significance, and significant p values are shown above the graphs.
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contributions by a-actinins toward macropinocytic uptake and sub-
sequent trafficking. In addition to isoform-specific roles for these
proteins, a-actinin 1 and 4 are able to heterodimerize, and while
there is some evidence that this heterodimeric form may occur more
frequently in tumor cell lines, the functions of this unique interaction
are not well understood (Foley and Young, 2013). Future studies
designed to identify the regulatory pathways that favor one a-
actinin isoform over the other would provide useful information into
how tumor cells coordinate actin-binding proteins to facilitate com-
plex processes such as macropinocytosis or metastasis.

The observation that a-actinin 4 is required for the uptake of N-
PTX into tumor cells (Figure 5) points toward the cytoskeletal ma-
chinery in PDAC cells being able to regulate drug sensitivity via
macropinocytosis. A historical problem in the treatment of cancer
has been targeting the chemotherapeutic specifically to tumor cells
and not healthy cells, and macropinocytosis represents a new mech-
anism by which this may be achieved, as the tumor cells are rapidly
internalizing large amounts of extracellular material. Follow-up stud-
ies could be aimed at determining whether proteins like o-actinin 4,
or other proteins that are required for macropinocytosis, could be
utilized as predictive biomarkers of patient response to albumin- or
nanoparticle-bound chemotherapeutics. Our studies also indicate
that the oi-actinin proteins localize to N-PTXfilled vesicles in PDAC
cells (Figure 5); however, we do not know what the final fate of these
vesicles is—whether they are retained within the cell or whether
they are trafficked to a recycling compartment to remove the N-PTX
from the tumor cells. Investigations into the vesicle trafficking ma-
chinery that acts downstream of macropinocytosis may provide in-
sight into how to target tumor cells to block the efflux of chemo-
therapeutics after uptake and potentially improve the efficacy of
these treatments for PDAC patients. There is a growing interest in
drug design strategies focused on uptake by macropinocytosis, so
understanding the cytoskeletal machinery that regulates the entry
and trafficking of these drugs will give useful information into opti-
mizing the design of these chemotherapies.

The observation that o-actinin 4 is required for collagen uptake
into PDAC cells (Figure 2) and our previous work indicating a role for
o-actinin 4 in the stabilization of invadopodia to remodel the ECM
suggest that these two processes may be linked during metastatic
dissemination of tumor cells. This presents new ideas about how
cellular energy levels are maintained during metastasis, as macropi-

nocytosis may provide a mechanism by which tumor cells can ac-
quire nutrients regardless of whether they are in the primary tumor,
in the vasculature, or at a secondary tissue. While the relationship
between macropinocytosis and cell migration has not been well
studied in tumor cells, there is a body of literature that states that
these processes are antagonistic to one another in immune cells
such as dendritic cells, which utilize macropinocytosis to take up
antigen from the environment (Veltman, 2015; Bloomfield and Kay,
2016). Itis possible that the requirement for actin and membranes is
too high for cells to perform both processes simultaneously. In addi-
tion, molecular regulators may dictate the switch between macropi-
nocytosis and migration. For example, myosin is localized to the
rear of the dendritic cell during migration but moves to the front of
the cell to perform macropinocytosis, thus halting cell motility (Cha-
baud et al., 2015). Interesting recent evidence suggests that these
processes may be cooperative, however, as it was recently demon-
strated that macropinocytosis presents a mechanism by which den-
dritic cells can move against regions of high fluid pressure, allowing
for dendritic cells to migrate to various regions of the body to sam-
ple antigens (Moreau et al., 2019). This is potentially interesting in
terms of PDAC, as the tumor is a region of high hydraulic pressure
(Olive etal., 2009; DuFort et al., 2016; Weniger et al., 2018), so mac-
ropinocytosis may represent a means by which tumor cells can break
free of the tumor and begin to metastasize. While many of the
chemical inhibitors of macropinocytosis, such as EIPA, also inhibit
cell migration by disrupting actin dynamics, future studies designed
at dissecting the two processes will be beneficial to understand
whether macropinocytosis not only fuels tumor growth but also en-
hances the metastatic potential of PDAC cells.

In summary, our work here demonstrates an important role for
the a-actinin proteins in the regulation of tumor cell growth via mac-
ropinocytosis, demonstrating that overexpression of actin-binding
proteins in PDAC is able to enhance the proliferative rate of tumor
cells in addition to the well-characterized role of cytoskeletal pro-
teins during metastasis of tumor cells.

MATERIALS AND METHODS

Cell culture, antibodies, and reagents

MIA PaCa-2 and CFPAC-1 human pancreatic cancer cell lines were
obtained from the American Type Culture Collection. Dan-G human
pancreatic cancer cells were provided by Daniel Billadeau

FIGURE 5: Tumor cell growth is impacted by o-actinin 1 and 4, which enhance the uptake of nutrients and albumin-
bound chemotherapeutics. (A, B) MTT assays were performed in MIA PaCa-2 cells after knockdown of a-actinin 1 (A) or
o-actinin 4 (B). Cells were grown for 72 h in DMEM with low glutamine (0.2 mM) either with or without 3% BSA added.
(C) MIA PaCa-2 cells were loaded with both TMR-dextran and Alexa 647-N-PTX. Arrows indicate colocalization between
the two cargoes inside of vesicular compartments. (D, E) Alexa 647-N-PTX uptake assays were performed as described
previously for TMR-dextran in MIA PaCa-2 cells, where knockdown of a-actinin 4 reduced uptake of Alexa 647-N-PTX.
(F, G) Live cell imaging of MIA PaCa-2 cells expressing either GFP-o-actinin 1 (F) or GFP-a-actinin 4 (G) was performed
after loading the cells for 20 min with Alexa 647-N-PTX. Boxed regions highlight areas where multiple GFP-a-actinin
tails can be found associating with Alexa 647-N-PTXfilled vesicles. (H) Cartoon depicting the role of the o-actinin
proteins in PDAC cell macropinocytosis. Cytoskeletal remodeling on the plasma membrane, which is required for
invadopodia-based ECM cleavage and membrane ruffling during macropinocytosis, is dependent on actin cross-linking
by a-actinin 4 to stabilize these structures and internalize multiple types of extracellular material, including albumin,
collagen, and albuminized chemotherapeutics. After internalization, macropinosome trafficking is mediated by o-actinin
1 through the formation of actin comet tails, which propel vesicles through the cytoplasm. Depending on the cargo
internalized via macropinocytosis, the o-actinin proteins can influence both tumor cell growth via trafficking of
extracellular protein to the lysosome for degradation to provide nutrients, as well as susceptibility to the
chemotherapeutic N-PTX that disrupts microtubule reorganization during cell division. Scale bars: 20 pm (C), 10 pm (D),
5 pm (F, G). Graphed data represent the mean = SEM, and plotted data points represent average values for individual
experiments, with at least three independent experiments performed. A total of 10 40x fields of cells were quantified
for each condition per experiment for all macropinocytic uptake assays. Two-tailed Student's t test was used to measure
statistical significance, and significant p values are shown above the graphs.
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(Mayo Clinic). The 6741 human patient-derived xenograft (PDX)
cells were isolated from pancreatic tumors implanted in nude mice
as described previously (Sagar et al., 2016) and were provided by
the Mayo Clinic SPORE in Pancreatic Cancer. Tissues were collected
from surgical resections for research purposes with written informed
consent and were deidentified before use in research, and their use
was approved by the Mayo Clinic Institutional Review Board (IRB).
HPDE normal pancreas cells were obtained from Daniel Billadeau
(Mayo Clinic). All cell lines were cultured in DMEM with 10% fetal
bovine serum (FBS) and penicillin/streptomycin, except HPDE cells,
which were maintained Keratinocyte-SFM with epidermal growth
factor, bovine pituitary extract, and penicillin/streptomycin and reg-
ularly screened for mycoplasma by 4’,6-diamidino-2-phenylindole
(DAPI) staining and PCR.

Antibodies used in this paper were o-actinin 1 (Santa-Cruz:
sc1782 and Abcam: ab68194), o-actinin 4 (Abcam: ab108198),
GAPDH (Cell Signaling: D16H11), Ki-67 (Cell Signaling: 12202), and
p-ERK (Cell Signaling: 4377).

siRNA and expression construct transfection
Lipofectamine RNAiMax reagent (Invitrogen) was used according to
the manufacturer’s protocol for siRNA transfection in all PDAC cells
lines. siRNA was used at 40-50 nM in Opti-MEM, and cells were
cultured for 72 h in the presence of siRNA before being transferred
to new dishes and experiments performed. The siRNA sequences
used in this paper were nontargeting (Dharmacon: On-Target Plus
#D-001810), human o-actinin 1 (Dharmacon: sense CACAGAUC-
GAGAACAUCGAAGUU), human o-actinin 4 #1 (Dharmacon: sense
CCACAUCAGCUGGAAGGAUGGUCUUV), and human o-actinin 4
#2 (Dharmacon: siGenome smartpool #M-011988-02).
Lipofectamine 3000 reagent (Invitrogen) was used according to
the manufacturer’s protocol for expression of fluorescently tagged
constructs in PDAC cells. pEGFP-N1 o-actinin 1 was a gift from
Carol Otey (UNC Chapel Hill, Addgene plasmid #11908), and hu-
man pEGFP-N1 a-actinin 4 was provided by Alan Wells at the Uni-
versity of Pittsburgh. LifeAct-mCherry and mEGFP-LifeAct-7 were
provided by Michael Davidson (Florida State University, Addgene
plasmid #54491, Addgene plasmid #54610). PM-mCherry was a gift
from Elias T. Spiliotis at Drexel University. GFP-B-actin was provided
by Gerard Marriott at the University of California, Berkeley.
SDS-PAGE and Western blotting to measure protein knockdown
after siRNA transfection were performed as described previously
(Burton et al., 2020).

Macropinocytosis uptake assays

Seventy kilodalton TMR-dextran (ThermoFisher Scientific: #D1818)
and TMR-BSA (ThermoFisher Scientific: #A23016) uptake assays
were performed as described previously (Commisso et al., 2014).
Briefly, cells plated on collagen-coated coverslips were serum
starved overnight, then pretreated with dimethyl sulfoxide (DMSO)
or 70 pM EIPA (Millipore Sigma: #A3085) for 30 min, and inverted
onto 50 pl drops of DMEM containing 1 mg/ml TMR-dextran or
TMR-BSA for 20 min, followed by fixation and DAPI staining. The
macropinocytic index ([area of dextran or BSA/total cell area] x 100)
was calculated using ImageJ (Commisso et al., 2014), and values
were normalized to nontargeting siRNA control.

N-PTX (trade name: Abraxane) was purchased from the Mayo
Clinic Pharmacy (Celgene: #103450). N-PTX was conjugated to the
Alexa Fluor 647 far-red dye using the Protein Labeling Kit (Invitro-
gen: #A20173) according to the manufacturer’s instructions. N-PTX
uptake assays were performed as described above for TMR-dextran
and TMR-BSA. N-PTX uptake was calculated as ([area of Alexa
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647-N-PTX/total cell area] x 100), and values were set relative to
nontargeting siRNA control.

DQ-collagen (ThermoFisher Scientific: #D12060) uptake assays
were performed by plating cells on coverslips coated with 50 pg/ml
type 1 rat tail collagen (Corning: #354236) and 25 pug/ml DQ-colla-
gen for 16 h followed by fixation and DAPI staining. DQ-collagen
uptake was calculated as ([area of DQ-collagen/total cell area] x
100), and values were set relative to nontargeting siRNA control.

Fluorescence microscopy

Following macropinocytosis uptake assays, cells plated on cover-
slips were prepared for immunofluorescence by being washed with
Dulbecco’s phosphate-buffered saline (D-PBS) followed by fixation
(0.1 M PIPES, 1T mM ethylene glycol-bis(B-aminoethyl ether)-
N,N,N’,N'-tetraacetic acid [EGTA], 3 mM MgSQy, 2.5% paraformal-
dehyde, pH 7.0) at 37°C for 20 min. Coverslips were then washed in
D-PBS, stained with DAPI, and mounted on glass slides using Pro-
long Gold (Thermo Fisher: P10144).

Live and fixed-cell imaging was performed on a Zeiss LSM 780
confocal microscope (Carl Zeiss, Oberkochen, Germany) controlled
by Zeiss Zen Software (2012 SP1 black edition), as well as a Zeiss
Axio Observer epifluorescence microscope. Images were acquired
as single confocal slices through the same focal plane across all im-
ages in an experiment. Image processing was performed in Adobe
Photoshop uniformly across the entire image. Cells were plated
into 35 mm glass bottom imaging dishes (MatTek Corporation) be-
fore live cell imaging and maintained in a temperature-controlled
environment (37°C, 5% COy). For live cell imaging of trafficking of
TMR-dextran or Alexa 647-N-PTX, cells in imaging dishes were
loaded for 20 min, followed by washing with Hank’s Balanced Salt
Solution (HBSS) and replacing the media for DMEM without la-
beled cargo, and then imaging was performed.

To determine the amount of o-actinin localized in the ruffling
versus nonruffling areas of a cell, short time-lapse videos of 6741
cells expressing GFP-o-actinin 1 or 4 and PM-mCherry were ac-
quired on a LSM780 confocal microscope. After the videos were
acquired, 10-pm-long strips of the plasma membrane correspond-
ing to ruffling and nonruffling areas were traced and the amounts of
GFP-a-actinin and PM-mCherry were quantitated using the profile
tool in Zen Black. The data were analyzed in Microsoft Excel, and the
ratios of GFP-a-actinin:PM-mCherry in each region were deter-
mined. Ten cells over at least three experiments were quantitated
for each actinin construct to determine the ratios. Analysis of mac-
ropinosome trafficking velocity and direction was performed using
the TrackMate plug-in for ImageJ (Tinevez et al., 2017).

Immunohistochemistry

Tissue microarray slides of paraffin-embedded human PDAC tumors
as well as adjacent normal pancreas tissue were collected from pa-
tients during surgical resection, were deidentified, and were pro-
vided by the Mayo Clinic SPORE in Pancreatic Cancer. All patients
provided written informed consent, and the study was approved by
the Mayo Clinic IRB. Immunohistochemical staining was performed
for each antibody as described previously (Burton et al., 2020). Im-
ages were taken using a Zeiss Axio scope A1 microscope (Carl Zeiss,
Thornwood, NY) configured for histological investigations. Images
were captured with a Zeiss Axiocam 105 color digital camera driven
by Zen 2 software (blue edition, 2011; Carl Zeiss Microscopy, GmbH).

FRAP

MIA PaCa-2 cells expressing GFP-B-actin after knockdown of the
indicated proteins were imaged on a Zeiss LSM 780 confocal
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microscope in 35 mm glass bottom imaging dishes. Cells were
imaged at a rate of one frame per 2 s for five frames to measure
baseline fluorescence, and then a boxed region of the plasma
membrane was photobleached and imaging was continued for
50 s to measure the FRAP. The mean fluorescence intensity of the
photobleached region was calculated using ImageJ, and values
were first normalized to the average of the prebleach values and
then normalized so the frame after the bleach was set to 0. The
percent FRAP was calculated as the average percentage of actin
fluorescence recovery after 50 s postbleach, and the half-time of
recovery was calculated using a nonlinear regression curve analy-
sis from GraphPad Prism.

Rhodamine actin incorporation assay

Following knockdown of a-actinin 1 or a-actinin 4, MIA PaCa-2 cells
were seeded onto poly-L-lysine (Sigma: #P8920)-coated coverslips
and serum starved with serum-free media for 3 h before actin incor-
poration. Rhodamine-labeled actin (Cytoskeleton: #AR05) was pre-
pared by diluting to 12 pM with G-actin buffer (5 mM Tris-HCl,
0.2 mM CaCly, 0.2 mM ATP, 1 mM dithiothreitol, pH 8.0). Cells were
permeabilized for 15 min with buffer C (138 mM KCI, 10 mM PIPES,
0.1 mM ATP, 3 mM EGTA, 4 mM MgCly, 1% BSA, 0.025% saponin,
pH 6.9) containing 1 pM rhodamine-labeled actin at room tempera-
ture, followed by fixation and then gentle washing with PBS. The
cells were stained with phalloidin FITC (Sigma: #P5282) used at a
concentration of 1:300 in blocking buffer (5% goat serum, 5% glyc-
erol, 0.2% NaNs, pH 7.2, in D-PBS) for 1 h at 37°C, followed by
staining with Hoechst (Invitrogen: #H3570). Actin incorporation was
analyzed using ImageJ to measure the mean pixel density of rhoda-
mine actin present in the cells.

DQ-BSA macropinosome trafficking assay

For DQ-BSA trafficking experiments (Figure 4, H-J; Supplemental
Figure 3, C-G), cells were treated the same as for uptake assays and
then loaded with 1 mg/ml TMR-dextran and 0.5 mg/ml DQ Green
BSA (ThermoFisher: D12050) for 20 min by inverting coverslips
onto 50 pl drops of DMEM containing the two macropinocytic car-
goes. Cells were washed with HBSS, and then chased in DMEM
without dextran or DQ-BSA for 0-120 min. The macropinocytic in-
dex for TMR-dextran was calculated as described above. DQ-BSA
trafficking efficiency was calculated as (area of DQ-BSA/total cell
area) x 100, and values were set relative to the nontargeting siRNA
120 min chase condition, representing the maximal amount of DQ-
BSA fluorescence in the lysosome.

For the Lysotracker trafficking experiments (Figure 4, F and G;
Supplemental Figure 3, F and G), following the 72 h knockdown
of a-actinin 1 or nontargeting control, MIA-PaCa2 cells were la-
beled with Lysotracker Blue (Invitrogen: #L7525) for 1 h, washed
with DMEM, and then loaded with 1 mg/ml TMR-dextran and
0.5 mg/ml DQ Green BSA as described above. Cells were then
washed with HBSS and chased in DMEM for 0 or 120 min. Images
were collected in live cells at 0 or 120 min on a Zeiss LSM780
confocal microscope. The number of dextran vesicles colocalized
with lysosomes labeled with Lysotracker Blue was divided by the
total number of dextran vesicles to determine the total percent-
age of dextran and Lysotracker colocalization. The same images
were also used to count the DQ-BSA vesicles colocalized with
Lysotracker Blue.

Lysosome number quantification

Lysosome number was quantified by labeling cells with Lysotracker
Deep Red (Invitrogen: #L.12492) for 1 h and then collecting images
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in live cells on a Zeiss LSM780 confocal microscope. The lysosome
number per cell was quantified using ImageJ.

Cell viability assays

Cell viability was measured using the CellTiter 96 Non-Radioactive
Cell Proliferation Assay (Promega: G4000) according to the manu-
facturer's instructions. For the cell viability assays in Figure 1, MIA
PaCa-2 (3000 cells/well) and Dan-G (6000 cells/well) cells were
plated in 96-well plates after a 72 h siRNA knockdown of the indi-
cated proteins in DMEM + 10% FBS and pen/strep. Cell viability was
measured 24, 72, and 120 h postplating in triplicate for each condi-
tion; absorbance values were set relative to nontargeting siRNA
control. For the cell viability assays in Figure 5, MIA Paca-2 cells
were plated in 96-well plates in DMEM + 10% FBS and pen/strep
after a 72 h knockdown of the indicated proteins. The following day,
the media was replaced with DMEM without glutamine (Thermo-
Fisher: 21068-028) and supplemented with L-glutamine to a final
concentration of 0.2 mM (low glutamine) either with or without 3%
BSA (Millipore Sigma: 126609) as indicated. The media was re-
placed every 24 h, and cell viability measurements were taken after
72 h in triplicate for each condition.

Statistical analysis

Microsoft Excel was used to perform two-tailed Student's t test anal-
ysis between two groups for each experiment, and graphs were
made using GraphPad Prism. Graphed data represent the mean *
SEM, and significant p values are shown above the graphs, while
nonsignificant p values are indicated by N.S.
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