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Challenge

Cross-Validation

New Hypothesis

ABSTRACT Macropinocytosis is reported to fuel tumor growth and drug resistance by
allowing cancer cells to scavenge extracellular macromolecules. However, accurately defin-
ing the role of macropinocytosis in cancer depends on our ability to selectively block this
process. 5-(N-ethyl-N-isopropyl)-amiloride (EIPA) is widely used to inhibit macropinocyto-
sis but affects multiple Na+/H+ exchangers (NHE) that regulate cytoplasmic and organellar
pH. Consistent with this, we report that EIPA slows proliferation to a greater extent than
can be accounted for by macropinocytosis inhibition and triggers conjugation of ATG8 to
single membranes (CASM). Knocking down only NHE1 would not avoid macropinocytosis-
independent effects on pH. Moreover, contrary to published reports, NHE1 loss did not
block macropinocytosis in multiple cell lines. Knocking down CARMIL1 with CRISPR-Cas9
editing limited macropinocytosis, but only by 50%. In contrast, expressing the CARMIL1-
AA mutant inhibits macropinocytosis induced by a wide range of macropinocytic stimuli to
a similar extent as EIPA. CARMIL1-AA expression did not inhibit proliferation, highlighting
the shortcomings of EIPA as a macropinocytosis inhibitor. Importantly, autophagy, another
actin dependent, nutrient-producing process, was not affected by CARMIL1-AA expres-
sion. In sum, constitutive or inducible CARMIL1-AA expression reduced macropinocytosis
without affecting proliferation, RAC activation, or autophagy, other processes that drive
tumor initiation and progression.

SIGNIFICANCE STATEMENT

� Lack of a specific inhibition strategy limits our ability to accurately define the contribution of
macropinocytosis to biological processes, including tumor initiation and progression.

� Using cancer cell lines, the authors demonstrate that common inhibition strategies, the NHE
inhibitor EIPA or NHE1 knockdown, have profound macropinocytosis-independent effects on
proliferation, trigger noncanonical LC3-II lipidation, and/or fail to inhibit macropinocytosis. In
contrast, the CARMIL1-AA mutant blocks macropinocytosis without inhibiting proliferation,
membrane ruffling, or autophagy.

� These findings suggest that CARMIL1-AA overexpression can be used to separate the con-
tributions that autophagy and macropinocytosis make to tumor progression and drug resis-
tance.
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INTRODUCTION
Macropinocytosis allows nonselective bulk uptake of exosomes,
extracellular matrix proteins, albumin, and dead cell debris (Finicle
et al., 2018). This endocytic process is stimulated by the activa-
tion of Ras, PI3K, receptor tyrosine kinases, Wnt, and Src signal-
ing pathways (Amyere et al., 2000; Commisso et al., 2013; Palm et
al., 2017; Tajiri et al., 2017; Kim et al., 2018; Redelman-Sidi et al.,
2018; Hodakoski et al., 2019; Jayashankar and Edinger, 2020). A
wide variety of cancer cells including glioblastoma, pancreas, lung,
prostate, breast, colorectal, and bladder cancer cells scavenge nu-
trients from macropinocytosed macromolecules. Given that inade-
quate vasculature limits the delivery of blood borne nutrients to tu-
mor cells, this scavenging process could be an important contribu-
tor to tumor cell growth and survival, particularly in the presence of
chemotherapies that target anabolic pathways or that increase the
demand for biosynthesis (Jayashankar and Edinger, 2020). 5-(N-
ethyl-N-isopropyl)-amiloride (EIPA), a chemical inhibitor of multi-
ple sodium/hydrogen exchanger (NHE) isoforms (Masereel, 2003),
has been widely used to define the role of macropinocytosis in tu-
mor progression (Bar-Sagi and Feramisco, 1986; Ridley et al., 1992;
Araki et al., 1996, 2007; West et al., 2000; Kabayama et al., 2011;
Fujii et al., 2013; Hoeller et al., 2013; Nonnenmacher et al., 2015;
Kim et al., 2018; Sedlyarov et al., 2018; Ramirez et al., 2019; Max-
son et al., 2021). However, EIPA inhibits RAC and macropinocyto-
sis indirectly by modulating submembranous pH (Koivusalo et al.,
2010); NHE proteins control cytosolic and organellar pH (Slepkov
et al., 2007; Cheng et al., 2019). By inhibiting proton transport,
EIPA would also affect cellular metabolism, signal transduction, and
protein conformation, processes that impact tumor growth (Steffan
et al., 2009; Orij et al., 2011; Isom et al., 2013; Ko et al., 2020;
Rolver et al., 2020; Jin et al., 2022; Okreglak et al., 2023). EIPA is
selective for macropinocytosis among endocytic processes, mak-
ing it a useful tool to determine the background in the 70 kD dex-
tran uptake assays used to measure macropinocytosis (Kim et al.,
2018). However, a more selective inhibitor is needed to accurately
define the potential therapeutic value of targeting macropinocyto-
sis in tumors.

Macropinosome formation requires actin cytoskeleton remod-
eling. CARMIL1 (capping protein interaction (CPI)-containing,
Arp2/3, myosin 1-linker 1) regulates actin capping protein activ-
ity, thereby promoting lamellipodia and macropinosome forma-
tion (Edwards et al., 2013; Zwolak et al., 2013). The KR987/989AA
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double-point mutation within the CPI region of CARMIL1
(CARMIL1-AA) disrupts the interaction with actin capping pro-
tein; this mutant cannot support macropinocytosis (Edwards et
al., 2013). Surprisingly, although macropinosomes no longer form,
CARMIL1-AA supports normal RAC GTPase activation and cell mi-
gration in HT1080 fibrosarcoma cells, most likely because these
functions do not depend on CARMIL1 binding to capping pro-
tein. Previously, we have shown that replacing the endogenous
protein with CARMIL1-AA inhibits macropinocytosis in 4T1 mam-
mary cancer cells without affecting cellular proliferation in nutri-
ent replete medium (Jayashankar and Edinger, 2020). However,
whether CARMIL1-AA also impacts autophagy, an important actin-
dependent survival mechanism under nutrient stress, has not been
assessed.

While macropinocytosis provides exogenous nutrients that can
be used to build biomass, autophagy protects cells from nu-
trient stress by recycling cell-intrinsic macromolecules so that
their building blocks can be used to support essential processes
(Kaizuka et al., 2016; Florey and Overholtzer, 2019). Through au-
tophagy, nonessential cellular components are encapsulated in
LC3-II–marked vesicles that eventually fuse with lysosomes, lead-
ing to degradation of their contents and the release of recycled
building blocks that can be directed to ATP production or biosyn-
thesis. In addition, autophagy supports tumor growth by limit-
ing antitumor immunity and by promoting drug resistance and
the secretion of amino acids, growth and angiogenic factors, in-
flammatory cytokines, and extracellular matrix components (Zhang
et al., 2017; Chavez-de Souza et al., 2020; Dominguez et al.,
2020; Li et al., 2020; Yamamoto et al., 2020; Actis et al., 2021;
Debnath et al., 2023). The actin cytoskeleton plays a critical role
in autophagosome formation, trafficking, and fusion with lyso-
somes (Kast and Dominguez, 2017; Dong and Quan, 2024). Ac-
cordingly, while a therapeutic that blocks both macropinocytosis
and autophagy may be particularly effective, dissecting the role
of macropinocytosis in tumorigenesis requires a strategy that can
block macropinocytosis while leaving autophagy intact. Here we
show that, while EIPA has multiple macropinocytosis-independent
effects and NHE1 knockdown fails to inhibit macropinocytosis,
CARMIL1-AA expression blocks macropinocytosis without impact-
ing proliferation, RAC activation, or autophagic flux.

RESULTS
EIPA affects more than macropinocytosis
As mentioned above, EIPA inhibits macropinocytosis by inacti-
vating NHE proteins that control cytosolic and organellar pH
(Masereel, 2003; Slepkov et al., 2007; Koivusalo et al., 2010; Cheng
et al., 2019). The minimal concentration of EIPA required to inhibit
macropinocytosis was determined in two cancer cell lines, PyMT
mouse mammary carcinoma cells and HeLa human cervical carci-
noma cells. Both cell lines are contextually macropinocytic, exhibit-
ing basally low levels of macropinocytosis until they are stressed or
stimulated. Similar to multiple normal and transformed cell types
(Kim et al., 2018; Jayashankar and Edinger, 2020; Zhang et al.,
2021), nutrient stress increased macropinocytosis in PyMT cells as
measured by 70 kD dextran uptake (Figure 1, A and B). Although
10, 20, and 50 μM EIPA partially blocked this increase in dextran up-
take, 75 μM EIPA was required to maximally suppress macropinocy-
tosis (Figure 1, C and D). Because the dextran index in nutrient-
stressed PyMT cells treated with 75 μM EIPA is lower than that of
control PyMT cells maintained in nutrient-replete medium, PyMT
cells are weakly macropinocytic in the absence of nutrient stress.
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FIGURE 1: EIPA is not a selective macropinocytosis inhibitor. (A, B) 70 kD dextran uptake analysis in PyMT cells
incubated in complete media (control or 0 h timepoint) or 1% AA/gluc media for the indicated interval. PyMT cells
maintained in 1% AA/gluc media for 6 h were additionally treated with 75 μM EIPA for 1.5 h. (C–E) PyMT and HeLa cells
were either incubated in complete media (control) or induced with 1% AA/gluc for 6 h (PyMT cells) or with 250 nM PMA
for 30 min (HeLa cells). Where indicated, cells were treated with the indicated concentrations of EIPA. Numbers in
images represent the median dextran index, box and whisker plots show the median and quartiles. At least 100 cells
from each of two biological replicates were analyzed. Scale bars, 20 μm. (F, G) Cellular proliferation in PyMT (F) or HeLa
(G) cells in complete medium in the presence or absence of EIPA as measured by the Biospa platform. Mean ± SD
shown from three biological replicates. In B, D, and E, statistical significance was determined using a one-way ANOVA
with Dunn’s post-hoc analysis to correct for multiple comparisons. In B, ***p<0.001, ns = not significant p>0.05
comparing the 0 h nutrient stress timepoint for all conditions. In D and E, ***p<0.001 comparing stimulated PyMT and
HeLa cells to unstimulated control cells, $$$p<0.001 comparing EIPA-treated PyMT and HeLa cells to the stimulated
cells treated with vehicle. In F and G, statistical significance was determined using a one-way ANOVA with Tukey’s
post-hoc analysis to correct for multiple comparisons; ***p<0.001 and *p<0.05 comparing the confluence of PyMT and
HeLa control cells with cells treated with 50 or 75 μM EIPA.

Notably, 50 μM EIPA reduces dextran uptake to the extent that
matches PyMT cells growing in complete medium. Macropinocy-
tosis can be induced in HeLa cervical carcinoma cells with phor-
bol 12-myristate 13-acetate (PMA, Figure 1, C and E). PMA acti-
vates PKC isoforms resulting in the induction of macropinocytosis
in macrophages and other cell types including HeLa cells (Swan-
son, 1989; Tisdale et al., 2014). Similar to nutrient stressed PyMT
cells, 75 μM EIPA was required to maximally inhibit PMA-stimulated
macropinocytosis in HeLa cells. Because the dextran index in un-
stimulated HeLa cells and in HeLa cells treated with PMA and 75
μM EIPA was similar, HeLa cells are minimally macropinocytic in
the absence of stimulation. In sum, Figure 1, A–E show that 50
or 75 μM EIPA, respectively, reduces the rate of macropinocy-
tosis to the levels seen in control, unstimulated PyMT or HeLa
cells.

Because EIPA targets multiple NHE isoforms, it would be ex-
pected to have macropinocytosis-independent effects on cancer
cell proliferation and survival (Masereel, 2003; Koivusalo et al.,
2010; Jayashankar and Edinger, 2020; Rolver et al., 2020; Inoue et
al., 2021). To test this experimentally, we measured cell prolifera-
tion in the presence and absence of EIPA under conditions where
macropinocytosis was unlikely to play a major role supporting cel-
lular bioenergetics: weakly macropinocytic PyMT and HeLa cells
maintained in nutrient replete medium that lacks macropinocytic
fuel (not supplemented with additional albumin, ECM protein, or
necrotic debris). In both PyMT and HeLa cells, 50 or 75 μM EIPA
dramatically reduced proliferation and viability relative to the con-
trol over the course of 24 h (Figure 1, C, D, and F). Taken together,
these experiments strongly suggest that EIPA reduces cancer cell
proliferation and survival to a greater extent than can be explained
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by macropinocytosis inhibition alone. We therefore sought to iden-
tify a more selective means to inhibit macropinocytosis and isolate
its contribution to cancer biology.

NHE-1 inhibition is not sufficient to phenocopy the effects
of EIPA on macropinocytosis
NHE1 knockdown has been reported to inhibit macropinocyto-
sis in KRAS-mutant pancreatic cancer cells and in myeloid cells
(Su et al., 2021; Lin et al., 2022). Inhibiting only NHE1 might be
a more selective macropinocytosis inhibition strategy than EIPA.
However, neither study quantified the direct effect of NHE1 knock-
down on macropinosome formation via 70 kD dextran uptake or
using live imaging, the standard assays in the field. To establish
whether NHE1 loss could provide a more selective approach to in-
hibiting macropinocytosis across cancer classes, NHE1 levels were
reduced via CRISPR-Cas9 genomic editing in both contextually
macropinocytic HeLa cells and constitutively macropinocytic MDA-
MB-231 human breast cancer cells that carry the KRASG13D mu-
tation (Kozma et al., 1987; Jayashankar and Edinger, 2020). The
CRISPR editing plasmids were introduced by transient transfection
to avoid the long-term negative effects of constitutive Cas9 ex-
pression. Efficient NHE1 knockdown was achieved with two differ-
ent single-guide RNAs (sgRNAs) in multiple clones obtained from
both cell lines (Figure 2, A–D). However, NHE1 loss did not signif-
icantly reduce 70 kD dextran uptake in PMA-stimulated HeLa or
unstimulated MDA-MB-231 cells when compared with wild type
or empty vector controls (Figure 2, E–H). Moreover, EIPA still effi-
ciently inhibited macropinocytosis in cells lacking NHE1, illustrating
that NHE1 loss is not sufficient to recapitulate the effects of EIPA at
least in the cell lines studied. The reduced responsiveness of some
NHE1 knockdown clones to EIPA (e.g., HeLa clones 1-2 and 2-1
and MDA-MB-231 clone 1-2) was reproduced in independent ex-
periments and may reflect the up-regulation of other NHE isoforms
as part of an adaptive response to the constitutive loss of NHE1.
These results indicate that NHE1 knockdown is not sufficient to in-
hibit macropinocytosis and suggest that biological effects linked
to NHE1 knockdown (Su et al., 2021; Lin et al., 2022) may be pH-
dependent rather than macropinocytosis-dependent.

The CARMIL1-AA mutant inhibits macropinocytosis
CARMIL1, a regulator of actin capping protein, is essential for
membrane ruffling and macropinocytosis in the HT1080 fibrosar-
coma cell line that carries an activating mutation in NRAS (Edwards
et al., 2013). To determine whether CARMIL1 is also essential for
macropinocytosis in PyMT and HeLa cells, CARMIL1 was knocked
down using CRISPR-Cas9 genomic editing. CARMIL1 protein lev-
els were reduced by 80–90% in edited clones from both cell lines
(Figure 3, A–D). Constitutive knockdown of endogenous CARMIL1
was well-tolerated in both PyMT and HeLa cell clones, consistent
with CARMIL1 dependency scores in the DepMap portal clustered
around zero (Tsherniak et al., 2017). As expected, CARMIL1 knock-
down significantly but incompletely inhibited macropinocytosis
in both nutrient-stressed PyMT and PMA-stimulated HeLa cells
(Figure 3, E–H). If the level of dextran uptake in EIPA-treated cells
is considered as background, CARMIL1 knockdown reduced the
dextran index in PyMT cells by ∼75% and in HeLa cells by ∼50%.
Dextran uptake results were confirmed by live-cell imaging. PyMT
CARMIL1 knockdown clones exhibited significantly reduced mem-
brane ruffling and very limited macropinosome formation under
nutrient stress, similar to EIPA-treated cells (Supplemental Videos
S1–S3; Figure 3I). Collectively, these results show that CARMIL1 is
required for optimal membrane ruffling and macropinosome for-

mation in PyMT and HeLa cells and that knocking down CARMIL1
does not limit macropinocytosis as effectively as EIPA.

Alanine mutations in two residues (KR987/989AA) within the
CPI-domain of CARMIL1 required for actin capping protein binding
produces a form of CARMIL1 that supports membrane ruffling, mi-
gration, and RAC activation but not macropinocytosis in HT1080
cells lacking endogenous CARMIL1 (Hernandez-Valladares et al.,
2010; Edwards et al., 2013). While reconstitution with wild type
CARMIL1 restored macropinocytosis (Figure 4, A–D), dextran up-
take was not significantly increased in CARMIL1 knockdown cells
reconstituted with CARMIL1-AA. Importantly, neither CARMIL1
knockdown (Figure 3) nor CARMIL1 knockdown followed by recon-
stitution with CARMIL1-AA (Figure 4, A–D) inhibited macropinocy-
tosis as well as EIPA. Because CARMIL1 functions as a homodimer
(Zwolak et al., 2013; Wang et al., 2016), whether the CARMIL1-
AA mutant could function as a dominant-negative mutant was also
tested. CARMIL1-WT or CARMIL1-AA was constitutively expressed
in control PyMT cells without first knocking down endogenous
CARMIL1 and paired, clonal cell lines with matched levels of to-
tal CARMIL1 protein (2- to 4-fold above control levels) were se-
lected (Figure 4, E and F). Consistent with function as a dominant-
negative mutant, CARMIL1-AA inhibited dextran uptake even in
the presence of endogenous CARMIL1 while CARMIL1-WT over-
expression did not affect dextran uptake (Figure 4, G and H). In-
terestingly, macropinocytosis inhibition by CARMIL1-AA was more
efficient in the presence of endogenous CARMIL1 (Figure 4, E–H)
than its absence (Figure 4, A–D). These results show that CARMIL1-
AA expression inhibits macropinocytosis to a similar extent as EIPA
and has the potential to be more selective.

To complement dextran uptake assays, necrocytosis was also
examined in CARMIL1-WT and -AA clones where endogenous
CARMIL1 is still expressed. Necrocytosis, the scavenging of
nutrients from necrotic cell debris via macropinocytosis, pro-
tects cancer cells from death induced by the topoisomerase in-
hibitor doxorubicin, a therapeutic that increases demand for nu-
cleotide synthesis to support DNA repair (Brown et al., 2017;
Jayashankar and Edinger, 2020). Fluorescent necrotic cell debris
was produced without the addition of toxic chemicals by subjecting
carboxyfluorescein succinimidyl ester (CFSE)-labeled FL5.12 cells
to both nutrient and IL-3 withdrawal at high density (200 million
cells/ml). FL5.12 murine hematopoietic cells are dependent on IL-
3 for proliferation and survival (Edinger and Thompson, 2002). Flu-
orescent apoptotic cells were produced by short-term IL-3 depri-
vation of CFSE labeled FL5.12 cells maintained at a lower den-
sity (1 million cells/ml) (Figure 5A). As expected, necrotic cell de-
bris, but not apoptotic cells, could be consumed by CARMIL1-
WT overexpressing PyMT cells (Figure 5, B–D). CARMIL1-AA–
expressing PyMT cells could not take up necrotic cell debris, con-
sistent with the loss of macropinocytosis. In keeping with the results
of these uptake assays, necrotic cell debris protected CARMIL1-
WT–expressing PyMT cells from doxorubicin while CARMIL1-AA–
overexpressing cells remained sensitive (Figure 5, E–G). CARMIL1-
WT cells displayed a slight survival advantage even in the absence
of exogenous necrotic debris, suggesting that debris from PyMT
cells that succumbed to doxorubicin was scavenged by neighbor-
ing macropinocytic cells. These results show that CARMIL1-AA ex-
pression is sufficient to block macropinocytosis in PyMT cells even
in the presence of endogenous CARMIL1.

Several additional experiments were conducted to confirm that
CARMIIL1-AA could function as a dominant negative mutant. Live-
cell imaging indicated that while CARMIL1-WT overexpression
was without apparent effect, CARMIL1-AA–expressing PyMT cells
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FIGURE 2: NHE-1 loss does not recapitulate the effect of EIPA on macropinocytosis. (A–D) Validation of HeLa (A, B) or
MDA-MB-231 (C, D) NHE-1 CRISPR/Cas9 knockdown clones. Two different clones generated with two different sgRNAs
are shown; quantified results were first normalized to tubulin and then to the untreated control. Two independent
Western blots were quantified with similar results. (E–H) Dextran uptake analysis in control and NHE-1 knockdown
clones. HeLa cells (E, F) were stimulated with 250 nM PMA to induce macropinocytosis; MDA-MB-231 cells (G, H) were
left unstimulated. Cells were incubated with 1 mg/ml dextran for 30 min ± 75 μM EIPA (1 h pre-treatment). The
numbers on images represent the median dextran index calculated from >100 cells analyzed from each of two
biological replicates conducted on different days. Box and whisker plots show medians and quartiles. Scale bar, 20 μm.
In F and H, statistical significance was calculated using a one-way ANOVA with Dunn’s post-hoc analysis to correct for
multiple comparisons. ***p<0.001 comparing each HeLa and MDA-MB-231 clonal cell line to the control sample treated
with 75 μM EIPA; $$$p<0.001, ns (not significant, p>0.05) comparing each HeLa and MDA-MB-231 NHE-1 knockdown
or vector clone without EIPA to the untransduced cells without EIPA.

exhibited membrane ruffling but no macropinosome formation
even in the presence of endogenous CARMIL1 (Supplemental
Videos S4 and S5; Figure 3I). Moreover, subsequent CRISPR-
mediated knockdown of endogenous CARMIL1 in the CARMIL1-
AA PyMT clones using an sgRNA targeting an intron-exon junction
that is not present in the cDNA did not further reduce macropinocy-
tosis and may have even triggered compensatory changes in gene

expression that partially restored macropinocytosis (Supplemen-
tal Figure S1, A–D). To confirm that reduced macropinocytosis in
CARMIL1-AA–expressing clones was not a result of clonal hetero-
geneity, PyMT clones with doxycycline-inducible CARMIL1-AA or
CARMIL1-WT expression were generated. In both the transduced,
drug selected population and in clonal cell lines derived from this
population, induction of CARMIL1-AA expression with doxycycline
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FIGURE 3: CARMIL1 supports macropinocytosis in PyMT and HeLa cells. A–D, Validation of PyMT (A, B) and HeLa (C,
D) CARMIL1 CRISPR/Cas9 knockdown clones. Two different clones are shown; quantified results were first normalized
to tubulin and then to the untreated control. Two independent western blots were quantified with similar results. (E–H)
Dextran uptake analysis in control and CARMIL1 knockdown clones. PyMT cells (E, F) were stimulated with 1% AA/gluc
media for 6 h to induce macropinocytosis while HeLa cells (G, H) were stimulated with 250 nM PMA for 0.5 h. Cells were
incubated with 1 mg/ml dextran for 30 min ± 75 μM EIPA. The numbers on images represent the median dextran index
calculated from >100 cells analyzed from each of two biological replicates conducted on different days; box and
whisker plots show median and quartiles. Scale bar, 20 μm. (I) Number of macropinosomes formed per cell over 2 h
from live-cell imaging (Supplemental Videos S1–S5). Data were collected from three independent videos per condition,
each dot represents one cell. In F, H, and I, statistical significance was calculated using a one-way ANOVA with Dunn’s
or Tukey’s post-hoc analysis to correct for multiple comparisons. In F and H, **p<0.01 and ***p<0.001 comparing each
PyMT and HeLa clonal cell line with and without EIPA addition; $$$p<0.001, ns (not significant, p>0.05) comparing
each PyMT and HeLa clonal cell line to control PyMT and HeLa cells each without EIPA. In I, *p<0.05, ***p<0.001, ns
(not significant, p>0.05) comparing each sample to the control, untransduced PyMT cells.

reduced dextran uptake to a similar extent as EIPA despite the pres-
ence of endogenous CARMIL1 protein (Supplemental Figure S2,
A–H). Induction of CARMIL1-WT with doxycycline did not affect
macropinocytosis. Finally, the ability of CARMIL1-AA expression to
reduce macropinocytosis in HeLa cells in the presence of endoge-
nous CARMIL1 was evaluated. Comparing CARMIL1-WT 16 and

-AA 13 HeLa clones matched for expression levels, the CARMIL1-
AA mutant inhibited macropinocytosis stimulated by PMA, EGF, or
Wnt3a (Figure 6, A–H). Taken together, these results indicate that
CARMIL1-AA overexpression can inhibit macropinocytosis stimu-
lated by nutrient stress, PMA, or cytokines to a similar extent as
EIPA without the need for knockdown of the endogenous protein.

6 R. M. Lim et al. Molecular Biology of the Cell



FIGURE 4: CARMIL1-AA is a more effective inhibitor of macropinocytosis in the presence of endogenous CARMIL1. (A,
B) Validation of CARMIL1-WT or CARMIL1-AA reconstitution in CARMIL1 knockdown PyMT cells; cell populations are
shown. Quantified results were first normalized to tubulin and then to the untreated control. Two independent Western
blots were quantified with similar results. (C, D) Dextran uptake analysis in the cells in A and B. (E, F) Validation of
CARMIL1-WT or CARMIL1-AA expression in PyMT clonal cell lines where endogenous CARMIL1 is still expressed. Two
different clones of CARMIL1-WT and CARMIL1-AA are shown; quantified results were first normalized to tubulin and
then to the untreated control. Six to seven independent Western blots were quantified with similar results. (G, H)
Dextran uptake analysis in PyMT clones in E and F. For all dextran assays (C,D,G,H), PyMT cells were stimulated with 1%
AA/gluc media for 6 h, 75 μM EIPA was added where indicated. The numbers on images represent the median dextran
index calculated from >100 cells analyzed from each of 2 biological replicates conducted on different days; box and
whisker plots show median and quartiles. Scale bar, 20 μm. In D and H, statistical significance was calculated using a
one-way ANOVA with Dunn’s post-hoc analysis to correct for multiple comparisons. In D, ***p<0.001, ns (not
significant, p>0.05) comparing to control untransduced PyMT cells; $$$p<0.001, ns (not significant, p>0.05) comparing
the indicated samples. In H, *p<0.05, ***p<0.001 comparing each clonal cell line ± EIPA; $$$p<0.001 compared with
the control untransduced PyMT cells without EIPA. In F, statistical significance was calculated using a one-way ANOVA
with Tukey’s post-hoc analysis to correct for multiple comparisons; *p<0.05, **p<0.01 comparing each overexpressing
CARMIL1-WT or -AA clone to the control untransduced PyMT cells.

CARMIL1-AA does not interfere with cellular proliferation,
migration, or RAC activation
PyMT and HeLa cell clones with matched CARMIL1-WT or -AA ex-
pression levels proliferated at the same rate as the parental cell
lines in complete medium (Figure 7, A and B), similar to the results

reported in 4T1 cells with CARMIL1 knockdown and CARMIL1-
AA expression (Jayashankar and Edinger, 2020). The observation
that non-macropinocytic CARMIL1-AA cells proliferated at the
same rate as macropinocytosis-competent CARMIL1-WT cells in
complete medium confirms that the profound effect of EIPA on
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FIGURE 5: CARMIL1-AA hinders necrotic uptake and drug resistance in PyMT cells. (A) CFSE-labeled FL5.12 live,
apoptotic, or necrotic cells by DIC brightfield and fluorescent imaging. Scale bar, 20 μm. (B–D) Uptake of CFSE-labeled
live, apoptotic, or necrotic cells by PyMT CARMIL1-WT 10 or CARMIL1-AA 8 overexpressing cells pretreated with 1%
AA/gluc media for 6 h. The numbers on images represent the median necrotic uptake index calculated from >100 cells
analyzed from each of two biological replicates conducted on different days. Scale bar, 20 μm. (E–G) PyMT
CARMIL1-WT or -AA clonal cell lines were treated ± 1 μM doxorubicin with or without addition of 10 million cell units of
necrotic debris in complete media for 72 h. Widefield images (E) taken prior to fixation and staining (F) and
quantification (G) with crystal violet. In (C, D) statistical significance was calculated using a one-way ANOVA with Dunn’s
post-hoc analysis to correct for multiple comparisons. *p<0.05, ***p<0.001, ns (not significant, p>0.05) for the
comparisons shown. In G, statistical significance was calculated using a two-way ANOVA with Tukey’s post-hoc analysis
to correct for multiple comparisons. *p<0.05, ns (not significant, p>0.05) for the comparisons shown.

proliferation in nutrient replete medium (Figure 1, F and G) is un-
related to macropinocytosis inhibition. In NRAS-mutant HT1080
fibrosarcoma cells with CARMIL1 knockdown, CARMIL1-AA sup-
ported cellular migration and RAC GTPase activation (Edwards et
al., 2013). Consistent with this, CARMIL1-AA expression did not

interfere with migration in PyMT cells. In a scratch assay, PyMT
clones expressing CARMIL1-WT or -AA closed the wound with
similar kinetics to control cells (Figure 7, C and D). HeLa cells
were more sensitive to mitomycin C (used to block proliferation)
at the standard concentration of 10 μg/ml than PyMT cells, but
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FIGURE 6: CARMIL1-AA inhibits macropinocytosis in HeLa cells. (A, B) Validation of CARMIL1-WT and CARMIL1-AA
expression in HeLa cells. Two different CARMIL1-WT and CARMIL1-AA clones are shown; CARMIL1 level was first
normalized to tubulin and then to the untreated control. Five to six independent Western blots were quantified with
similar results. (C–H) Dextran analysis of HeLa CARMIL1-WT and CARMIL1-AA expressing clones stimulated with 250
nM PMA (C, D), 100 ng/ml EGF (E, F), or 100 ng/mL Wnt3a (G, H) ± 75 μM EIPA (1 h pretreatment). For E and F, HeLa
cells were serum starved for 16 h before stimulation with 100 ng/ml EGF and addition of dextran. For G and H, HeLa
cells were serum starved for 6 h and treated with 20 μg/ml cycloheximide for the last 4 h of incubation before
stimulation with Wnt3a and addition of dextran. The numbers on images represent the median dextran index calculated
from >100 cells analyzed from each of two biological replicates conducted on different days; box and whisker plots
represent median and quartiles. Scale bar, 20 μm. In D, F, and H, statistical significance was calculated using a one-way
ANOVA with Dunn’s post-hoc analysis to correct for multiple comparisons. In D, ***p<0.001 comparing each HeLa
clonal cell line ± EIPA; $p<0.05, $$$p<0.001 comparing each clonal cell line to control HeLa cells without EIPA. In F and
H, **p<0.01, ***p<0.001, ns (not significant, p>0.05) comparing the clonal cell lines ± EGF or Wnt3a; $$$p<0.001 for
the indicated comparisons.

1.25 μg/ml mitomycin C limited proliferation without killing HeLa
cells (Figure 7E). HeLa CARMIL1-AA cell migration in a scratch as-
say was delayed (Figure 7, F and G). This may reflect a cell type
dependent effect or an interaction between CARMIL1-AA and the
poorly tolerated mitomycin C. To determine whether the slower
migration in CARMIL1-AA cells reflected defective RAC activation,
activated RAC GTP was measured in EGF-stimulated HeLa cells.
EIPA, but not CARMIL1-AA expression, compromised RAC acti-
vation as expected (Figure 7H; Koivusalo et al., 2010). Together,
these results indicate that CARMIL1-AA overexpression blocks
macropinocytosis without affecting cellular proliferation or RAC
activation while its ability to support migration may be cell type
dependent.

CARMIL1-AA does not inhibit autophagy
CARMIL1-AA limits proliferation and survival when cells are de-
pending on macropinocytosis to supply scavenged exogenous nu-
trients (Jayashankar and Edinger, 2020) (Figure 5, E–G). Because
CARMIL1-AA interferes with macropinocytosis through its effects
on actin dynamics (Hernandez-Valladares et al., 2010; Edwards et
al., 2013) and actin remodeling is also required for autophagosome
formation, maturation, and degradation (Kast and Dominguez,
2017; Dong and Quan, 2024), it was important to evaluate
whether CARMIL1-AA expression interferes with autophagy. Like
macropinocytosis, autophagy supports cell survival under nutri-
ent stress (Florey and Overholtzer, 2019; Chavez-Dominguez et
al., 2020; Debnath et al., 2023). Moreover, autophagy plays an
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FIGURE 7: CARMIL1-AA does not inhibit proliferation, migration, or RAC activation. (A, B) Cellular proliferation was
measured in complete medium by crystal violet staining for PyMT (A) and HeLa (B) control cells or clonal cell lines with
matched expression of CARMIL1-WT or CARMIL1-AA. Means and SD of 3 independent biological replicates shown. (C,
D) Scratch assay in control, CARMIL1-WT 10, or CARMIL1-AA 8 expressing PyMT cells pretreated with 10 μg/ml
mitomycin C for 1 h in complete medium. Means and SD of three independent biological replicates shown. Scale bar,
250 μm. (E) Mitomycin C cytotoxicity in HeLa cells measured at 72 h in complete medium by crystal violet staining.
Means and SD from three independent experiments shown. (F, G) Scratch assay in control and CARMIL1-WT 16 and
CARMIL1-AA 13 expressing HeLa cells pretreated with 1.25 μg/ml mitomycin C for 1 h in complete media. Means and
SD of three independent biological replicates shown. Scale bar, 250 μm. (H) RAC-GTP levels in HeLa control,
CARMIL1-WT 16, or CARMIL1-AA 13 expressing cells measured using a RAC-GTP ELISA (G-LISA) assay. HeLa cells were
serum starved overnight before pretreatment with 75 μM EIPA for 1.5 h and stimulation with 100 ng/ml EGF for 30 min.
Means and SD of three biological replicates shown. In A, B, D, and G, statistical significance was calculated using a
one-way ANOVA with Tukey’s post-hoc analysis to correct for multiple comparisons at all timepoints measured. In A, B,
D, ns, not significant, p>0.05 comparing all PyMT and HeLa cell lines to each other at all timepoints. In G, *p<0.05
comparing the HeLa CARMIL1-WT 16 to the CARMIL1-WT 13 cells at endpoint; ns = not significant, p>0.05 for all
comparisons.

10 R. M. Lim et al. Molecular Biology of the Cell



important role in shaping the antitumor immune response
(de Souza et al., 2020; Yamamoto et al., 2020). While blocking
macropinocytosis and autophagy simultaneously may be a highly
effective therapeutic strategy, accurately determining the contri-
bution macropinocytosis to tumor biology requires selective inhi-
bition of macropinocytosis but not autophagy.

To evaluate whether CARMIL1-AA interferes with autophagy,
autophagic flux was determined. LC3-II is present on both the
inner and outer membranes of mature autophagosomes. While
ATG4 recycles the LC3-II on the outer membrane, LC3-II on the
inner autophagosomal membrane is inaccessible and thus lysoso-
mal degradation of LC3-II is proportional to the degradation of
autophagosome cargo (Kabeya et al., 2004; Lee and Lee, 2016).
Comparing LC3-II levels in the presence and absence of the V-
ATPase inhibitor bafilomycin A1 (BafA1) permits the measurement
of autophagosome degradation in the lysosome or “autophagic
flux” (Mizushima and Yoshimori, 2007; Tanida et al., 2008). Can-
cer cells are constitutively under oxidative and proteotoxic stress
and often exhibit autophagic flux even in complete medium.
Both PyMT and HeLa cells exhibited autophagic flux in complete
medium that was increased by transfer to Hank’s buffered salt
solution (HBSS, nutrient stress) (Figure 8, A–C). Transferring cells
to HBSS reduced LC3-II levels due to increased autophagosome
degradation while BafA1 increased the levels of LC3-II in com-
plete medium and under nutrient stress. These results demonstrate
that the autophagy pathway is functional in both cell types. Au-
tophagic flux was next examined in clonal cell lines expressing
CARMIL1-WT or -AA. Both basal and nutrient stress-induced au-
tophagic flux were similar in CARMIL1-WT and -AA PyMT and HeLa
clones (Figure 8, D–G). Basal LC3-II levels were similar and BafA1
increased LC3-II levels equally in the matched PyMT and HeLa
CARMIL1-WT and -AA clones. Thus, this Western blot–based au-
tophagic flux assay following endogenous LC3-II levels suggests
that CARMIL1-AA supports autophagy (Figure 8, D–G) but not
macropinocytosis (Figures 4–6; Supplemental Figure S2).

A fluorescent autophagic flux probe with live-cell imaging was
also utilized to measure autophagic flux over time (Figure 8H;
Kaizuka et al., 2016). Upon cleavage by ATG4, this probe produces
equal amounts of GFP-LC3 and the control protein RFP-LC3�G, a
mutant that cannot be conjugated to phosphatidylethanolamine,
does not accumulate on autophagosomes, and that is not de-
graded by autophagy. A reduction in the ratio of GFP:RFP fluores-
cence therefore indicates that LC3-II was lost due to autophagy as
RFP fluorescence serves as an internal control for reduced reporter
expression or degradation through autophagy-independent path-
ways. Following normalization to RFP-LC3�G, the ratio of GFP-LC3
in the presence and absence of the lysosomal degradation inhibitor
BafA1 can be used to track autophagic flux. To ensure equiva-
lent autophagy reporter expression, a PyMT GFP-LC3-RFP-LC3�G
clonal cell line was generated first and CARMIL1-WT or CARMIL1-
AA subsequently introduced. CARMIL1-WT and -AA clones with
similar CARMIL1 overexpression were identified and dextran up-
take analysis used to confirm that macropinocytosis was reduced
as expected after CARMIL1-AA, but not -WT, expression (Supple-
mental Figure S3, A–D). Autophagic flux was similar in CARMIL1-
WT and -AA clones in both complete medium and HBSS (Figure 8,
I and J). In sum, CARMIL1-AA did not compromise autophagy.

The effect of EIPA on autophagy was also determined. The LC3-
II band in PyMT and HeLa cells maintained in complete medium
intensified upon treatment with EIPA, similar to what was observed
with BafA1 (Figure 8, K and L). This could mean that EIPA limits au-
tophagosome degradation similarly to BafA1. To test this possibil-

ity, cells were incubated with both EIPA and BafA1. Blocking lyso-
somal degradation with BafA1 decreased LC3-II accumulation in
EIPA-treated cells (Figure 8, K–M). A reduction in LC3-II levels upon
the addition of BafA1 is not consistent with EIPA inhibiting lysoso-
mal degradation and instead suggests that EIPA induces the conju-
gation of ATG8 to single membranes (CASM) (Gao et al., 2016; Liu
et al., 2019; Durgan et al., 2021; Reid et al., 2022). Indeed, CASM
is triggered by multiple agents that alter the pH and solute com-
position of endosomes and lysosomes similar to EIPA (Florey et
al., 2015; Jacquin et al., 2017; Fletcher et al., 2018; Lystad and Si-
monsen, 2019; Lystad et al., 2019; Wang et al., 2022). By trigger-
ing CASM, EIPA could reduce canonical autophagy if CASM and
autophagy compete for the same pool of LC3-II. Regardless of
whether or not EIPA compromises autophagic flux, the possibil-
ity that it triggers CASM raises further concerns with the practice
of using EIPA to measure the contribution of macropinocytosis to
tumor growth and metabolism.

In conclusion, these findings highlight the limitations of using
EIPA or NHE1 knockdown to block macropinocytosis while offer-
ing an alternative approach: using the CARMIL1-AA mutant as a
dominant-negative to inhibit macropinocytosis without impacting
cellular proliferation or autophagy.

DISCUSSION
EIPA is the most widely used chemical inhibitor of macropinocy-
tosis. EIPA is useful to determine the background in short-term
dextran uptake assays because EIPA is selective for macropinocy-
tosis over other endocytic processes (West et al., 1989; Gekle
et al., 2001; Kim et al., 2018). However, EIPA cannot be used to
accurately measure the contribution of macropinocytosis to cell
growth, proliferation, or survival in vitro or in vivo. By inhibiting
NHE-dependent proton transport, EIPA will alter cellular and
organellar pH leading to wide-ranging effects on cells (Steffan et
al., 2009; Koivusalo et al., 2010; Rolver et al., 2020). Intracellular
pH regulates cellular metabolism, signal transduction, and protein
conformation, processes that will significantly impact tumor growth
independent of macropinocytosis (Orij et al., 2011; Isom et al.,
2013; Jin et al., 2022; Okreglak et al., 2023). Simply by inhibiting
RAC activation (Koivusalo et al., 2010; Figure 7H), EIPA will have
profound macropinocytosis-independent effects on cell cycle pro-
gression, transformation, and migration (Stock et al., 2005; Spear
and White, 2023; Romero-Moreno et al., 2024). In contrast, block-
ing macropinocytosis with CARMIL1-AA expression did not hinder
cellular proliferation under conditions where cell proliferation and
survival is dramatically reduced by EIPA (Figures 7, A and B and 1,
F and G). These data strongly support the conclusion that EIPA’s
effects on proliferation are macropinocytosis-independent. For
example, HeLa clone AA 13 has the same dextran index as cells
treated with 75 μM EIPA (Figure 6, C and D); this same clone has no
proliferation defect (Figure 7B) unlike cells treated with 75 μM EIPA
(Figure 1G). Clone PyMT AA 8 also proliferates normally (Figure
7A) but has a slightly higher dextran index than cells treated with
75 μM EIPA (dextran indices of 4.4 vs. 3.0, respectively in Figure
4, G and H). However, PyMT cells treated with 20 μM EIPA have
dextran index of 7.5 (Figure 1, C and D) and reduced proliferation
(Figure 1F). It therefore is very likely that EIPA suppresses prolifer-
ation through macropinocytosis-independent mechanisms. EIPA
may also negatively affect autophagy, a process that is important
for tumor growth, as expected for a compound that affects cellular
and endosomal pH and ion content (Durgan and Florey, 2022;
Wang et al., 2022), EIPA appears to induce CASM (Figure 8, K–M).
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FIGURE 8: CARMIL1-AA supports autophagy. A and B, Western blot in PyMT (A) or HeLa (B) cells treated with 250 nM
BafA1 in complete medium or HBSS for 2 h. LC3-II is the lower band. (C) Autophagic flux calculated from three
independent biological replicates, mean ± SD shown. (D–G) Western blots in PyMT (D) or HeLa (F) CARMIL1-WT and
CARMIL1-AA expressing clonal cell lines maintained for 2 h ± 250 nM BafA1 in complete medium or HBSS. (E, G)
Autophagic flux in PyMT (D) or HeLa (F) cells calculated from three independent biological replicates, mean ± SD
shown. (H) Schematic for the GFP-LC3-RFP-LC3�G probe. (I, J) Autophagic flux analysis in PyMT GFP-LC3-RFP-LC3�G
clones expressing CARMIL1-WT or CARMIL1-AA either in complete media (I) or in HBSS (J). Autophagic flux was
calculated by taking the ratio of GFP:RFP+BafA1/GFP:RFP-BafA1 (100 nM BafA1). (K-M) As in (A-C) but PyMT (K) or
HeLa (L) cells were treated with 75 μM EIPA in complete medium for 1.5 h. (M) Mean ± SD for 5–6 independent
experiments shown. In C, E, G, I, J, and M, statistical significance was calculated using a one-way ANOVA with Tukey’s
post-hoc analysis to correct for multiple comparisons. In C, *p<0.05 comparing HeLa cells ± HBSS. In I and J, ns = not
significant, p>0.05 comparing matched CARMIL1-WT or -AA PyMT clones to each other. In M, *p<0.05, ns = not
significant, p>0.05 for the indicated comparisons.

How CASM may affect cancer initiation and progression is not
yet clear, but it is a reasonable assumption that inducing CASM
could reduce the amount of LC3-II available for autophagy or oth-
erwise disrupt processes important for tumorigenesis. In sum, the
macropinocytosis-independent effects of EIPA should preclude
its use to accurately define the contribution macropinocy-

tosis makes to tumor cell proliferation or survival in vitro or
in vivo.

Targeting only the NHE1 isoform is not a solution to the
specificity problems of EIPA. By modulating cytosolic pH,
NHE1 inhibition or knockdown has multiple macropinocytosis-
independent effects on tumor phenotypes (Jenkins et al., 2012;
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Stock and Pedersen, 2017; Cheng et al., 2019). More importantly,
NHE1 knockdown failed to block macropinocytosis in HeLa and
MDA-MB-231 cell lines where EIPA is effective (Figure 2, A–H).
Published studies where NHE1 knockdown was used to block
macropinocytosis did not validate this approach using standard
assays in the field, 70 kD dextran uptake or live-cell imaging,
calling into question whether the phenotypes observed were
related to effects on pH rather than macropinocytosis and whether
NHE1 should be included as part of a macropinocytosis-related
gene expression signature (Su et al., 2021; Lin et al., 2022). Which
NHE isoform(s) is/are required for macropinocytosis remains uncer-
tain, and targeting these proteins is unlikely to selectively inhibit
macropinocytosis due to their important role in pH regulation.

Several FDA-approved drugs, such as imipramine and phenoxy-
benzamine, inhibit macropinocytosis without exerting cytotoxic ef-
fects (Lin et al., 2018). However, the lactate dehydrogenase (LDH)
release assay used in this study would be unlikely to detect prolif-
eration decreases. The best compounds from this study, phenoxy-
benzamine and imipramine, inhibit membrane ruffling suggesting
that other RAC-dependent processes (e.g., proliferation) may be
impacted. Imipramine is also structurally very similar to phenoth-
iazines that have been demonstrated to activate PP2A (Gutier-
rez et al., 2014). Given that these compounds are FDA-approved
based on their macropinocytosis-independent actions, they would
not be useful to isolate the effects of macropinocytosis on tumor
biology in vivo. Other compounds targeting processes essential
for macropinocytosis such as actin polymerization (Cytochalasin
D), PI3K activation (Wortmannin/LY294002, ZSTK474), or V-ATPase
mediated acidification (Bafilomycin A1) inhibit macropinocytosis
but would affect numerous other cellular process that are impor-
tant for cancer cell proliferation and survival (Amyere et al., 2000;
Stockinger et al., 2006; Araki et al., 2007; Koivusalo et al., 2010;
Kitazawa et al., 2017; Qiu et al., 2022). At this time, there is no
chemical inhibitor available that inhibits macropinocytosis without
affecting other tumor promoting processes.

CARMIL1-AA was reported to selectively inhibit macropinocy-
tosis in the context of endogenous CARMIL1 knockdown (Edwards
et al., 2013). Here we show that the overexpression of CARMIL1-
AA was sufficient to reduce dextran uptake and macropinosome
formation in both PyMT and HeLa cells exposed to various
macropinocytosis-inducing stimuli even in the presence of endoge-
nous CARMIL1 (Figures 4 and 6; Supplemental Videos S4 and
S5). In fact, CARMIL1-AA expression reduced macropinocytosis
to a greater extent than CRISPR/Cas9 mediated CARMIL1 knock-
down, and CARMIL1 knockdown in CARMIL1-AA expressing cells
did not improve macropinocytosis inhibition (Figures 3, 4, and 6;
Supplemental Figure S1). Superior inhibition of macropinocyto-
sis when CARMIL1-AA is expressed in the presence of endoge-
nous CARMIL1 might be explained if knockdown induces compen-
satory changes in gene expression or protein stability as part of
an adaptive response to the loss of CARMIL1. The possibility that
clonal variation might account for the reduced macropinocytosis
following CARMIL1-AA expression without knockdown was ruled
out by demonstrating that acute induction of CARMIL1-AA expres-
sion with doxycycline inhibited macropinocytosis to a similar extent
as constitutive CARMIL1-AA expression and EIPA (Figures 4; Sup-
plemental Figure S2). The finding that CARMIL1-AA functions as a
dominant-negative mutant is consistent with CARMIL1 function as
a homodimer (Zwolak et al., 2013; Wang et al., 2016). It remains
to be tested whether the CARMIL1-AA mutant will be an effec-
tive inhibitor of macropinocytosis across all cancer cell lines and in
myeloid cells. However, it is promising that this mutant is effective

in blocking macropinocytosis in response to nutrient stress, PMA,
EGF, and Wnt3a and in multiple cancer cell types (Figures 4–6).

CARMIL1-AA did not inhibit RAC activation in response to
EGF (Figure 7H). Consistent with the role of RAC-GTP in cell cy-
cle progression, membrane ruffling, and migration (Miki et al.,
1998; Koivusalo et al., 2010), PyMT cells expressing CARMIL1-
WT or CARMIL1-AA proliferated (Figure 7A), ruffled (Supplemental
Videos S4 and S5), and migrated (Figure 7, C and D) at similar rates.
The reduced migration in CARMIL1-AA–expressing HeLa cells may
result from a negative interaction with mitomycin C or may reflect a
difference between cell types. It was particularly important to eval-
uate the effect of CARMIL1-AA on autophagy because actin plays
a critical role in the formation of both macropinosomes and au-
tophagosomes (Miki et al., 1998; Veltman et al., 2016; Kast and
Dominguez, 2017; Mylvaganam et al., 2021; Palm, 2022; Dong
and Quan, 2024). Both macropinocytosis and autophagy can sup-
port cancer cell survival in nutrient-limiting environments and pro-
mote drug resistance (Zhang et al., 2017; Jayashankar et al., 2018;
Kim et al., 2018; Chavez-Dominguez et al., 2020; Jayashankar and
Edinger, 2020; Li et al., 2020; Actis et al., 2021; Debnath et al.,
2023). Our novel finding that CARMIL1-AA did not limit or induce
autophagic flux (Figure 8) is thus particularly significant because it
establishes a way to separate the contributions of macropinocy-
tosis and autophagy. In conclusion, the CARMIL1-AA mutant pro-
vides a means to dissect the contribution macropinocytosis makes
to tumor initiation, progression, and therapeutic resistance without
compromising autophagy or proliferation.

MATERIALS AND METHODS
Request a protocol through Bio-protocol

Cell lines and cell culture
HeLa, MDA-MB-231, and HEK293T cells were obtained from the
ATCC (Manassas, VA, United States) and validated via STR profiling
at the initiation of the project. FL5.12 cells were originally obtained
from Craig Thompson’s lab (UC Irvine, CA, United States). The
PyMT mammary cancer cell line was generated from a tumor in
an FVB/NJ mouse from the polyomavirus middle T antigen model
(MMTV-PyMT) and was a generous gift from Dr. Jennifer Prescher
(UC Irvine, CA, United States). All cells were cultured at 37°C and
5% CO2 in a humidified incubator in media supplemented with
10% FBS (Omega Scientific, Tarzana, CA, United States). Media
formulations were purchased from Life Technologies through
Thermo Fisher Scientific (Waltham, MA, United States). HeLa
and HEK293T cells were cultured in DMEM, MDA-MB-231 cells in
DMEM with 1 mM sodium pyruvate, FL5.12 cells in ATCC-Modified
RPMI media supplemented with 50 μM β-mercaptoethanol, peni-
cillin/streptomycin, and 100 ng/ml murine rIL-3, and PyMT cells
in DMEM/F-12. For nutrient limitation, DMEM/F-12 media con-
taining 1% of the normal level of amino acids and glucose (1%
AA/gluc) was prepared by making DMEM/F-12 lacking amino
acids and glucose from chemical components and mixing it
99:1 with purchased complete medium. Where gene expression
was induced with doxycycline cells were cultured in certified
tetracycline-free serum (Omega Scientific, Tarzana, CA, United
States). All cells tested negative for Mycoplasma by PCR analysis
(Uphoff and Drexler, 2014) conducted every 1–3 mo throughout
the project. MDA-MB-231, HeLa, and PyMT cells were transfected
using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham,
MA, United States). Cells were selected with 2 μg/ml puromycin
(Thermo Fisher Scientific, catalogue no. AC227420100, Waltham,
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MA, United States) 48 h after transfection then cloned by limiting
dilution. Constitutive or doxycycline-inducible CARMIL1-WT or
-AA expression in PyMT and HeLa cells was achieved by lentiviral
transduction followed by drug selection with 200–800 μg/ml ge-
neticin sulfate (VWR, catalogue no. 89149-808, Radnor, PA, United
States) and cloning by limiting dilution. pMRX-IP-GFP-LC3-RFP-
LC3�G (a gift from Noboru Mizushima, Addgene plasmid # 84572,
[Kaizuka et al., 2016]) was used to introduce GFP-LC3-RFP-LC3�G
into cells by lentiviral transduction.

Antibodies and other reagents
Antibodies were obtained from: beta Tubulin (MilliporeSigma,
catalogue no. T4026, Burlington, MA, United States); LC3 A/B
(Cell Signaling Technology, catalogue no. 4108S, Danvers, MA,
United States), LRRC16A/CARMIL1 (Thermo Fisher Scientific, cat-
alogue no. PIPA556045, Waltham, MA, United States), NHE-1
(Santa Cruz Biotechnology, catalogue no. sc-136239, Dallas, TX,
United States). The 70 kDa Oregon Green 488 Dextran was from
Thermo Fisher Scientific (catalogue no. D7173, Waltham, MA,
United States), the 70 kDa CF 633 Dextran was purchased from
Biotium (catalogue no. 80141 Fremont, CA, United States). DAPI
was obtained from BioLegend (catalogue no. 422801, San Diego,
CA, United States) and Hoechst 33342 from Thermo Fisher Sci-
entific (catalogue no. H3570, Waltham, MA, United States). All
plasmids were purchased either from Addgene (Watertown, MA,
United States) or from Thermo Fisher Scientific (Waltham, MA,
United States).

Molecular cloning
The CARMIL1 wild type and AA point mutant cDNA were initially
obtained from John Cooper (Washington University) in the pFLRu
vector. The pSIN4-EF2-ABCG2-IRES-Neo (a gift from Ren-he Xu,
Addgene plasmid # 25983 [Zeng et al., 2009]) was utilized to con-
stitutively overexpress CARMIL1-WT or -AA. The CARMIL1 ORF
was cloned from the pFLRu vector into the pSIN4 vector using
EcoRI and BamHI sites. pInducer20 (a gift from Stephen Elledge,
Addgene plasmid # 44012 [Meerbrey et al., 2011]) was utilized
for doxycycline-inducible expression of CARMIL1-WT or -AA using
Gateway cloning from pDONR221 (Thermo Fisher Scientific, Cata-
logue No. 12536017) with a CARMIL1-WT or -AA insert created by
PCR. For CRISPR-mediated knockdown of endogenous NHE1 and
CARMIL1, pLentiCRISPR v2 (a gift from Feng Zhang, Addgene plas-
mid # 52961 [Sanjana et al., 2014]) was used to transiently trans-
fect (not transduce) target cells which were then drug selected and
cloned by limiting dilution after 48 h. The sgRNAs targeting NHE1
and endogenous mouse and human CARMIL1 were cloned as rec-
ommended in the Zheng lab’s protocol on Addgene. sgRNA se-
quences were:

NHE1 Guide 1 (Exon 2) Forward: 5′ CACCATCCT-
GATCTTTGCCG 3′

NHE1 Guide 1 (Exon 2) Reverse: 5′ CGGCAAAGATCAGGATG-
GTG 3′

NHE1 Guide 2 (Exon 1) Forward: 5′ CCAATC-
GAGCGTTCTCGTGG 3′

NHE1 Guide 2 (Exon 1) Reverse: 5′ CCACGAGAACGCTC-
GATTGG 3′

Mouse CARMIL1 Guide 1 Forward: 5′ CACCGTAACTCGAGCT-
GTAATGAGGGGG 3′

Mouse CARMIL1 Guide 1 Reverse: 5′ AAACCCCCCTCAT-
TACAGCTCGAGTTAC 3′

Human CARMIL1 Guide 1 Forward: 5′ CACCGCCG-
GTTCTTGCAGATGATTG 3′

Human CARMIL1 Guide 1 Reverse: 5′ AAACCAATCATCTG-
CAAGAACCGGC 3′

All the CARMIL1 sgRNAs target intron-exon junctions (between
Exons 3 and 4 for the mouse guides and between Exons 4 and 5
for the human guides) to avoid Cas9 targeting and cleavage of the
exogenous CARMIL1 cDNAs.

Western blot analysis
Cells were lysed in RIPA buffer (1% sodium deoxycholate, 0.1%
sodium dodecyl sulfate, 1% Triton-X100, 25 mM Tris pH 8.0, 150
mM sodium chloride, and 0.25% sodium azide) supplemented
with cOmplete protease inhibitor cocktail (Roche, Indianapolis, IN,
United States). Protein concentration was determined by bicin-
choninic acid (BCA) Assay (Thermo Fisher Scientific, Waltham, MA,
United States). Equal amounts of protein (20 μg) were run per lane
on a NuPAGE Novex 4–12% Bis-Tris gel (Invitrogen, Calsbad, CA,
United States), transferred to a nitrocellulose membrane either by
wet transfer for 2–3 h at 30 V (Bis-Tris transfer buffer recipe: 25
mM Bicine, 25 mM Bis-Tris free base, and 1 mM EDTA at pH 7.2)
or by semidry transfer using the iBlot3 (Invitrogen, Calsbad, CA,
United States) at 25 V for 10 min with no cooling. Membranes were
blocked with 5% BSA solution for 1 h before incubation with pri-
mary antibodies (1:1000 dilution for anti-NHE1, anti-CARMIL1, and
anti-LC3 A/B and 1:20,000 dilution for anti-beta tubulin) diluted in
5% BSA blocking buffer at 4°C overnight. Membranes were washed
3 × 5 min with 1X Tris-Buffered Saline solution with 0.05% Tween20
(TBS-T) before addition of IRDye 680 or 800 conjugated secondary
antibodies at a 1:10,000 dilution in 5% BSA block solution (LI-COR
Biotechnology, Lincoln, Nebraska, United States) for 1 h at room
temperature. Membranes were washed with TBS-T and imaged on
a LI-COR Odyssey Clx Scanner (LI-COR Biotechnology, Lincoln, Ne-
braska, United States).

Microscopy
Cells were plated at 20,000 per well in an 8-well glass cham-
ber slide (CellVis, catalogue no. C8-1.5H-N). The following day,
macropinocytosis was induced. PyMT cells were washed 3X with
PBS before incubation in 1% AA/glucose DMEM-F12 media for
6 h unless otherwise noted. HeLa cells were stimulated with
250 nM PMA (Cayman Chemicals, catalogue no. 10008014, di-
luted in DMSO) for 30 min. MDA-MB-231 cells are constitutively
macropinocytic (Jayashankar and Edinger, 2020). In each experi-
ment, one sample was treated with 10, 20, 50, or 75 μM EIPA for
90 min total (1 h preincubation, last 30 min with addition of dex-
tran) to block macropinocytosis. To label macropinosomes, cells
were incubated in 1 mg/ml 70 kD Oregon Green Dextran (Thermo
Fisher Scientific, diluted in 1X PBS) or 0.5 mg/ml CF 633 Dextran
(Biotium, diluted in 1X PBS) for 30 min at 37°C. Samples were
washed 5X in PBS before fixation with 4% paraformaldehyde for 15
min at room temperature. The cells were washed one more time
with PBS before nuclei were stained with either 5 μg/ml DAPI or
Hoechst 33342 (both diluted in 1X PBS) for 5 min at room temper-
ature before imaging. Where doxycycline induction was required,
PyMT CARMIL1-WT and -AA cells were plated at 12,000 cells/well
and treated the next day with 1 μg/ml doxycycline in complete
media for 48 h before nutrient stress as above. For experiments
involving EGF (Thermo Fisher Scientific, catalogue no. PHG0311,
Waltham, MA, United States), HeLa CARMIL1-WT and -AA cells
were washed 3X with PBS before overnight serum starvation. Cells
were stimulated with 100 ng/ml EGF for 30 min at the time of dex-
tran addition. For Wnt3a (Peprotech, catalogue no. 315-20, Cran-
bury, NJ, United States) stimulation, cells were serum starved for 6
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h in the presence of 20 μg/ml cycloheximide (VWR, catalogue no.
97064-724, Radnor, PA, United States) for the last 4 h of incubation
to limit Wnt3a secretion before the addition of 100 ng/ml Wnt3a
simultaneously with dextran.

CFSE-labeled necrotic debris was generated from FL5.12 cells.
Approximately 100 million cells were washed 3X with PBS then in-
cubated with 1.25 μM CFSE (Thermo Fisher Scientific, catalogue
no. C34570, dissolved in DMSO) in PBS containing 2% FBS for 5
min at room temperature. Cells were then washed 3X with PBS
then resuspended at ∼200 million cells/ml in PBS. Debris was har-
vested after 10 d of incubation at 37°C and 5% CO2 in a humidi-
fied incubator. The supernatant from a 3-min spin at 400 × g was
collected and confirmed by widefield imaging to contain primarily
necrotic debris and few apoptotic cells. Apoptotic cells were gen-
erated by IL-3 withdrawal from FL5.12 cells. A total of 10 million
FL5.12 cells were washed 3X with PBS, stained with CFSE, washed
3X with PBS, and resuspended in FL5.12 media lacking IL-3 at a
density of 1 million cells/ml for 24 h. Where uptake of CFSE-labeled
debris or apoptotic cells was performed, PyMT cells were plated in
8-well chamber slides and incubated with 2 million cell equivalents
of necrotic debris per well for the last 2 h of the 6 h of nutrient
deprivation. Samples were then processed as for dextran imaging.

Dextran and necrotic debris uptake were analyzed on a Zeiss
LSM 900 with Airyscan 2 laser-scanning confocal microscope (Zeiss,
Oberkochen, Germany) equipped with the Axiocam 503 mono
camera using the Plan-Apochromat 63X/1.40 oil DIC objective for
all dextran and CFSE-FL5.12-labeled necrotic uptake assays. The
Zeiss ZEN 3.0 Software was used for image acquisition. The max-
imum gain and laser power for the nuclei and dextran channels
were determined based on the range indicator, in which the nu-
clei turned up partially red and gray and the majority of the la-
beled macropinosomes were colored red. Saturation of the dex-
tran channel was permitted for this experiment because the mea-
sured parameter is the %area of the cell that contained dextran
rather than fluorescence intensity. Z-stacks were collected with a
step size of 0.5 μm and 10–20 stacks were obtained from a total
of 3–5 fields of view (FOV) per sample containing at least 100 cells
per biological replicate. FOV were primarily determined based on
the DAPI/Hoechst channel, trying to take in about 20–30 cells per
FOV while avoiding apoptotic/necrotic cells. Microscope acquisi-
tion settings were held constant between different conditions in the
same experiment and adjusted for each experiment using positive
and negative controls including highly-macropinocytic cells (MDA-
MB-231 cells or nutrient-stressed PyMT cells) as the positive con-
trol and EIPA-treated cells as the negative control. CFSE-labeled
FL5.12 necrotic debris was imaged using the Plan Fluor 100X/1.30
Oil DIC H/N2 objective (Nikon, Melville, NY, United States) and a
Nikon Eclipse Ti2-A microscope (Nikon, Melville, NY, United States)
equipped with the SOLA U-NIR White LED Light Engine Gen III
350–760 nm and the PCO Panda USB3.0 sCMOS camera. Images
were acquired using the NIS-Elements Basic Research software
(Nikon, Melville, NY, United States) and processed on Fiji (Image
J, NIH, Bethesda, MD, United States).

Live-cell imaging
For holotomographic imaging on a Nanolive 3D Cell Explorer
(Nanolive, Tolochenaz, Switzerland), 75,000 PyMT cells were plated
in 35 mm imaging dishes (Ibidi, catalogue no. 80136). To induce
macropinocytosis, cells were washed 3X with PBS then imaged af-
ter a 6-h incubation in 1% AA/glucose DMEM-F12 media. Three to
five FOV were imaged for each sample and images were collected

every 10 s for 2 h. The number of macropinosomes per cell was
determined manually.

Dextran analysis
Dextran uptake was determined on a per cell basis using Fiji (Image
J, NIH, Bethesda, MD, United States). Cells were manually outlined
on the merged DAPI and brightfield channels using the free-hand
tool. Cells in mitosis, undergoing apoptosis (fragmented nuclei in
the DAPI channel) or that were not entirely within the FOV were
excluded from the analysis. A maximum intensity projection (MIP)
was generated for the full dextran z-stack and thresholded equally
among all experiment groups and FOV using the Brightness and
Contrast setting to adjust the image so that there was no signal
outside of the cell boundaries using the image containing the most
noise outside the cell (usually EIPA-treated cells). The MIP was con-
verted to a binary image and the analyze particles tool was used
to calculate the percent of the cellular area positive for dextran
(dextran index) for each region of interest (ROI). The dextran index
shown in representative MPI images is the median percent area
from ∼ 100 cells from each of at least two biological replicates
conducted on different days.

Necrotic cell rescue assays
For the necrotic uptake rescue experiments, necrotic debris was
generated from FL5.12 cells by inducing growth factor and nutrient
deprivation simultaneously. Approximately 100 million cells from a
culture maintained at a density of ∼1 million cells/ml were washed
3X with PBS and resuspended at a density of 200 million cells/ml in
PBS and incubated for 10 d at 37°C in a humidified incubator with
5% CO2. To collect the necrotic debris, the cells were subjected
to a quick spin (400 × g for 3 min) using the accuSpin microcen-
trifuge (Thermo Fisher Scientific, Waltham, MA, United States), and
the supernatant was collected. The necrotic debris was then pel-
leted (2,800 × g for 10 min) and resuspended in DMEM containing
1 μM doxorubicin (Cayman Chemicals, catalogue no. 15007, Ann
Arbor, MI, United States, dissolved in DMSO) for addition to cells.
A total of 10 million necrotic cell equivalents were added to PyMT
cells treated with 1 μM doxorubicin in a 24-well plate. At 96 h,
PyMT cells were imaged (widefield) then stained with crystal vio-
let (0.5% crystal violet [catalogue no. C581100 from Thermo Fisher
Scientific] in 20% methanol). Crystal violet was quantified by drying
the plates, solubilizing crystal violet with 100% methanol for 15 min
at room temperature and determining the absorbance at 595 nm
on a Bio-Tek EL800 plate reader (Bio-Tek, Shoreline, WA, United
States) using the Gen5 software (Agilent Technologies, Inc., Santa
Clara, CA, United States).

Autophagy assays
For Western blot autophagic flux assays, PyMT or HeLa cells were
plated at 300,000 cells/well in a 6-well plate. The following day,
cells were washed 3X with PBS and incubated in HBSS containing
calcium and magnesium (catalogue no. 14025076, Thermo Fisher
Scientific, Waltham, MA, United States) or complete medium ±
250 nM Bafilomycin A1 (BafA1, Cayman Chemicals, Ann Arbor,
MI, United States, dissolved in DMSO) as indicated for 2 h at
37°C before lysis and analysis by Western blot. Autophagic flux
was determined by normalizing the LC3-II signal to tubulin and
then expressing a ratio of +BafA1/−BafA1. Where indicated, cells
were incubated with 75 μM EIPA in complete media for 4 h at
37°C before lysis and analysis of LC3-II by Western blotting. For
the fluorescence-based flux analysis, PyMT CARMIL1-WT or -AA
GFP-LC3-RFP-LC3�G cells were plated at ∼12,000 cells/well in a
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96-well plate and washed and treated the next day with complete
medium or HBSS ± 100 nM BafA1. Cells were imaged on the
Biotek Biospa Live Cell Analysis platform (Agilent, Santa Clara, CA,
United States) to perform widefield microscopy every 4 h while
maintaining cells at 37°C and 5% CO2. Image capture settings
were set to 4x magnification, three image filters were used: bright-
field high contrast, Texas Red, and GFP. Capture settings were set
to autoexposure and laser autofocus. The resulting images were
then analyzed using the associated Gen5 software (version 3.12).
Cell count and object sum area were calculated for each of the
three image filters (brightfield, Texas Red, GFP). For brightfield
high contrast, analysis settings were adjusted as follows: a thresh-
old value of 5000 to 7000, a rolling ball diameter of 30 to 50 μm, a
minimum object size 10 μm, and a maximum object size 100 μm.
All other analysis settings were kept at default/auto detect settings
for brightfield images. For GFP and Texas Red images, analysis
settings were adjusted as follows: a threshold value of 3000–7000,
a minimum object size of 5 μm, and a maximum object size of
500 μm. Rolling ball diameter and other settings were kept at de-
fault/auto detect settings for GFP and Texas Red images. The ratio
of the GFP to the RFP sum areas with or without BafA1 addition
was calculated to assess levels of autophagic flux over time.

Proliferation and scratch assays
PyMT or HeLa cells were plated in triplicate at 15,000 cells/well
in a 24-well plate. The following day, cells were treated with vehi-
cle, 10, 20, 50, or 75 μM EIPA in complete media then imaged on
the Cytation every 4 h to measure proliferation. Images were cap-
tured using the automated Biotek Biospa Live Cell Analysis plat-
form (Agilent, Santa Clara, CA, United States) with the same set-
tings as for the fluorescent autophagic flux probe assay (37°C, 5%
CO2, 4X magnification with the brightfield high-contrast filter) for 4
h every 72 h. Cell count, object sum area, image width, and image
height were calculated on the Gen5 software (version 3.12). Anal-
ysis settings were adjusted as follows: a threshold value of 5000
to 7000, a rolling ball diameter of 30 to 50 μm, a minimum object
size 10 μm, and a maximum object size 100 μm. All other analysis
settings were kept at default/auto detect settings for brightfield
images. Percent confluency was calculated using the following for-
mula: ((object sum area/(total image width x total image height)) x
100). The final %confluence of the cells was graphed to assess for
overall cell growth over time.

For the HeLa and PyMT CARMIL1-WT/-AA crystal violet prolifer-
ation assays, cells were seeded in 24-well plates (20,000 cells/well)
and incubated for 24, 48, 72, or 96 h. Wells without cells were pre-
pared for the blank. After incubation, plates were washed once
with 1X PBS and stained with crystal violet stain solution for 1 h.
The plates were washed four times with 1X PBS then dried for 24
h. Crystal violet was solubilized with 100% methanol and the ab-
sorbance at 594 nm measured. After background subtraction, the
proliferation rate was calculated as a fold change of the corrected
absorbance at 48, 72, and 96 h compared with the 24 h timepoint.

For scratch assays, PyMT or HeLa cells were plated at 100,000
or 150,000 cells/well respectively in a 24-well plate and allowed to
reach 100% confluence before treatment with 10 or 1.25 μg/ml Mit-
omycin C for 1 h before two vertical scratches were manually gen-
erated in each well using a 200 μl pipette tip. Cell migration was
monitored using the same settings on the Biospa platform (37°C,
5% CO2, 4X magnification using the brightfield high-contrast fil-
ter) for 4 h every 96 h. Beacons were set in the imaging software
prior to image acquisition, indicating where the scratches were lo-
cated in the well. The resulting images were then analyzed using

the associated Gen5 software (version 3.12). Cell object size, ob-
ject area, object sum area, image width, and image height were
calculated. Analysis settings were adjusted as follows: a threshold
value of 1900, background “dark,” split touching objects “no,” in-
clude edge objects “yes,” a rolling ball diameter of 40 μm, an im-
age smoothing strength of 20, background evaluation on 1% of
lowest pixels, a minimum object size 100 μm, and a maximum ob-
ject size 10,000 μm. All other analysis settings were kept at de-
fault/auto detect settings for brightfield images. Wound width was
calculated using the following formula (((total image height x total
image width) − Object sum area)/total image height). These set-
tings and formula match what the Gen5 software recommends for
scratch assays in the Help Topics folder within the software.

RAC activation assay
RAC activation in HeLa CARMIL1-WT and -AA cells was assessed
using the Rac 1, 2, 3 G-LISA Activation Assay (catalogue no.
BK125, Cytoskeleton, Inc., Denver, CO, United States) follow-
ing the manufacturer’s instructions. Briefly, cells were plated at
∼200,000 cells/well in a 6-well plate. The following day, cells were
washed 3X with PBS then incubated in DMEM without FBS for 18
h before pretreatment with or without 75 μM EIPA ± 100 ng/ml
EGF for 30 min. Lysates were collected, assessed for protein con-
centration using the Precision Red Advanced protein assay reagent
provided with the kit, and flash-frozen in liquid nitrogen. 1 mg/ml
lysate was loaded in duplicate wells of the Rac G-LISA assay with
absorbance at 490 nm measured on a Bio-Tek Synergy HTX multi-
mode plate reader (Bio-Tek, Shoreline, WA, United States).

Statistical analysis
Statistical analysis was conducted using GraphPad Prism version
10 (Boston, MA, United States). In box plots, boxes depict the
median dextran index with the 25th and 75th quartiles while the
whiskers represent minimum and maximum values. Data compar-
isons were performed using a one-way ANOVA followed by Dun-
nett’s or Tukey’s test to correct for multiple comparisons. Unless
otherwise indicated, bar graphs depict mean ± SD and *, p≤0.05;
**, p≤0.01; ***, p≤0.001; and ns, not significant (p>0.05). In dex-
tran assays, ∼100 cells were evaluated in at least two independent
experiments conducted on different days. In other experiments, at
least three independent biological replicates were performed.

Data availability
All relevant data can be found within the article and its Supplemen-
tary Information.
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