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The uptake of macromolecules and cellular debris through macropinocytosis has emerged as an important nutrient
acquisition strategy of cancer cells. Genetic alterations commonly found in human cancers (e.g. mutations inKRAS
or loss of PTEN) have been shown to increase macropinocytosis. To identify additional effectors that enable cell
growth dependent on the uptake of extracellular proteins, pancreatic ductal adenocarcinoma (PDA) cells were se-
lected for growth in medium where extracellular albumin was the obligate source of the essential amino acid leu-
cine. Analysis of global changes in chromatin availability and gene expression revealed that PDA cells selected under
these conditions exhibited elevated activity of the transcriptional activators Yap/Taz. Knockout of Yap/Taz pre-
vented growth of PDA cells in leucine-deficient medium, but not in complete medium. Furthermore, constitutively
active forms of Yap or Taz were sufficient to stimulate macropinocytosis of extracellular protein. In addition to
promoting the uptake of plasma proteins, Yap/Taz also promoted the scavenging of apoptotic cell bodies and ne-
crotic debris by PDA cells. The Yap/Taz transcriptional target Axl was found to be essential for cell growth de-
pendent on the uptake of dead cells and cell debris. Together, these studies suggest that the Hippo pathway effectors
Yap and Taz are important transcriptional regulators of endocytic nutrient uptake.
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Anabolic growth is the process by which cells convert
sources of reduced carbon and nitrogen to higher order
structures, such as lipids, proteins and nucleotides, to
build the biomass that supports proliferation (DeBerardi-
nis and Chandel 2016). In metazoans, the major sources
of reduced carbon and nitrogen are glucose and amino ac-
ids, respectively, which are taken up through specialized
cell surface transporters (Chantranupong et al. 2015).
Yet, we and others have previously shown that mammali-
an cells can survive and, in many cases, grow in condi-
tions where amino acids are scarce as long as the cells
are provided with a sufficient supply of extracellular pro-
tein (Commisso et al. 2013; Palm et al. 2015; Wyant
et al. 2017; Kim et al. 2018). Under these conditions, cells
take up extracellular proteins and deliver them to the ly-
sosome, where they can be hydrolyzed to the free amino
acids needed to fuel cell growth.
Macropinocytosis, a bulk fluid phase type of endocyto-

sis, is a major means by which cells take up macromole-
cules, such as proteins, cell debris, or viruses, from their
environment (Kerr and Teasdale 2009). More recently, it

has been demonstrated that macropinocytosis can func-
tion as a means of nutrient acquisition in mammalian
cells, particularly in cancer (Finicle et al. 2018). Specifi-
cally, transformed cells expressing Ras oncogenes can
grow in amino acid-depleted medium when albumin is
supplemented at a concentration comparable to what is
observed in human plasma (∼3%–5%) (Commisso et al.
2013; Palm et al. 2015). Oncogenic Ras has been shown
to directly promote the scavenging ofmacromolecules, in-
cluding extracellular proteins, through the activation of
macropinocytosis (Bar-Sagi and Feramisco 1986; Com-
misso et al. 2013; Davidson et al. 2017). However, Ras is
not essential for this process: Cells lacking all threemajor
Ras genes (Kras,Hras, andNras) can still engage inmacro-
pinocytosis (Palm et al. 2017). Thus, Ras appears to act by
increasing the rate of macropinocytosis. In contrast, other
signaling molecules including the PI3 and Pak family of
kinases contribute to regulation of the essential machin-
ery that executes the engulfment and internalization of
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extracellular macromolecules through macropinocytosis
(Araki et al. 1996; Dharmawardhane et al. 2000).

The high prevalence of Kras mutations present in pan-
creatic ductal adenocarcinoma (PDA; ∼90%) as well as
the observation that pancreatic tumors are relatively de-
pleted of free amino acids (Kamphorst et al. 2015) has
made pancreatic cancer a tractable model for the study
of macropinocytosis. Multiple studies have demonstrated
that the level of macropinocytosis in Kras mutant PDA
cells can vary with changes in nutrient availability (Nofal
et al. 2017; Lee et al. 2019). Therefore, themacropinocytic
activity of PDA cells is not only dependent on underlying
genetic alterations but also their metabolic context. We
were inspired by the idea that changes in nutrient avail-
ability could provide a selective pressure that influences
the evolution of cancer cell populations as tumors grow
larger or metastasize (García-Jiménez and Goding 2019).

Here we found that when PDA cells are challenged to
grow in conditions where extracellular proteins are the
obligate source of essential amino acids, persistent cells
exhibited elevated activity of Yap/Taz. Yap/Taz transcrip-
tional activity was essential for growth of PDA cells in
this context and was required for these cells to engage in
macropinocytosis. Finally, we identified a target of Yap/
Taz transcription,Axl, which can directly activate macro-
pinocytosis in a PI3-kinase-dependent manner and is spe-
cifically required for the uptake of cell debris by PDA
cells.

Results

Pancreatic cancer cells selected for extracellular protein-
dependent growth exhibit increased macropinocytosis
and a unique gene expression program

To identify epigenetic and transcriptional features that are
preferentially enriched upon long-term, albumin-depen-
dent growth, murine PDA cells were cultured for 21 d in
leucine-free or complete medium supplemented with
3% bovine serum albumin (BSA) and subjected to
ATAC-seq and RNA-seq analysis (Fig. 1A). The cells se-
lected in long-term culture in leucine-free medium sup-
plemented with BSA (KRPCS) exhibited an increased
ability to scavenge proteins through macropinocytosis,
as measured by the uptake of fluorescently labeled dex-
tran or albumin, in comparison with parental cells
(KRPC) (Fig. 1B).

Chromatin analysis of the selected cells revealed that
KRPCS cells had an overall increase in chromatin accessi-
bility, as measured by ATAC-seq analysis, exhibiting a
2.3-fold increase in the total number of called peaks ge-
nome-wide compared with cells grown in complete medi-
um (Fig. 1C). Themajority of these accessible regionswere
at intergenic and intronic loci (Supplemental Fig. S1A).
Importantly, gains in chromatin accessibility correlated
with changes in gene expression: Genes associated with
enriched accessible regions were significantly up-regulat-
ed in the KRPCS cells (Fig. 1D). Principal component anal-
ysis of the RNA-seq data delineated the selected KRPCS

cells as a distinct cluster, while the cells cultured acutely

in leucine-deficient medium or complete medium clus-
tered independently (Supplemental Fig. S1B).

To identify potential transcription factors associated
with this unique gene expression program in KRPCS

cells, de novo motif enrichment analysis was performed
across genomic regions that were found to be signifi-
cantly enriched in accessibility. DNA motifs that closely
resemble those bound by AP-1 or TEAD transcription
factors were the most highly enriched in these regions
(Fig. 1E). Using publicly available ChIP-seq data (Trem-
blay et al. 2014), we confirmed that the KRPCS cells
had greater chromatin accessibility at genomic loci
bound by Tead1 (Fig. 1F) and this was associated with in-
creased expression of known Tead1 targets such as Ctgf
(Fig. 1G). Cooperation between AP-1 and TEAD at active
gene enhancers has been previously demonstrated to pro-
mote tumor growth across multiple cancer types (Stein
et al. 2015; Zanconato et al. 2015; Koo et al. 2020), but
a role of these transcription factors in nutrient scaveng-
ing has not been reported previously.

Enrichment of Yap/Taz activity in cells selected for
ability to use extracellular proteins for growth

Two closely related proteins, Yap and Taz, are known to
form complexes with TEAD transcription factors and ac-
tivate target gene transcription as components of the Hip-
po pathway, which has been implicated in organ
development and tissue regeneration (Zhao et al. 2008).
Using gene set enrichment analysis, we observed that
genes activated by Yap were significantly enriched in
our RNA-seq profiling of KRPCS cells (Fig. 2A). Elevated
expression of canonical Yap targets, including Ctgf and
Ankrd1, was confirmed independently by qRT-PCR (Fig.
2B). However, expression of Yap target genes was not in-
creased after 16 h of leucine deprivation, suggesting that
Yap/Taz activity is not acutely responsive to essential
amino acid deprivation. In the selected cells, expression
of Yap or Taz themselves were not reproducibly increased
at the mRNA level. Nuclear-cytoplasmic shuttling of
Yap/Taz is known to be repressed byHippo signaling in re-
sponse to cell–cell contact and other signaling pathways
including G protein coupled receptors (GPCRs) (Meng
et al. 2016). Immunofluorescent imaging revealed that
the selected cells had more prominent nuclear Yap than
the parental line, where the majority of cells exhibited a
diffuse, cytoplasmic staining pattern (Fig. 2C), suggesting
that the increased Yap/Taz transcriptional activity ob-
served in KRPCS cells results from the nuclear transloca-
tion of these factors, rather than their increased
transcription or translation. Given that the subcellular lo-
calization of Yap/Taz is primarily regulated through their
phosphorylation by Lats kinases (Lats1/2), Lats activity
was compared in KRPCS cells relative to parental KRPC
cells. KRPCS cells exhibited a decrease in phosphorylation
of both Lats1 and Yap (Fig. 2D). Together with the data
demonstrating increased Yap nuclear localization ob-
served in cells selected in leucine-deficient, albumin sub-
stitutedmedia (Fig. 2C), these findings suggest that one or
more of the kinases that activate Lats1 is less active in

King et al.

1346 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.340661.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.340661.120/-/DC1


cells selected for the use of extracellular proteins as a
source of essential amino acids.
Elevated Yap/Taz activity has been associated with ep-

ithelial–mesenchymal transition (EMT) and invasiveness
across multiple cancers (Overholtzer et al. 2006; Corde-
nonsi et al. 2011). Consistent with these prior results,
we found that cells selected in leucine-deficient, albu-
min-substituted medium were larger, more spindle
shaped, and formed fewer cell-cell contacts relative to
parental KRPC cells (Fig. 2E). Unbiased analyses of
gene expression signatures enriched in KRPCS cells also
identified multiple gene sets associated with tumor cell
invasion and epithelial–mesenchymal transition (EMT)

(Fig. 2F). Moreover, in in vitro invasion assays, we ob-
served that KRPCS cells were significantly more invasive
than parental KRPC cells (Fig. 2G). These results suggest-
ed that the increased invasiveness observed in KRPCS

cells could be a functional consequence of elevated Yap/
Taz activity. To test whether constitutively nuclear
Yap and/or Taz would be sufficient to induce an inva-
sive phenotype in the parental cells, we used mutants of
Yap or Taz that could not be phosphorylated by Hippo
pathway kinases Lats1/2 (Zhao et al. 2007). Expression
of either Yap5SA or TazS89A was sufficient to activate an
invasive phenotype in the parental cells (Supplemental
Fig. S2A,B).
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Figure 1. Pancreatic cancer cells selected for extracellular protein-dependent growth exhibit increased macropinocytosis and a unique
gene expression program. (A) Schematic representation of experimental strategy to measure global changes in gene expression and chro-
matin accessibility after short-term (16 h) or long-term (3 wk) culture of PDA cells in complete (+Leu) or leucine-free (−Leu) mediumwith
orwithout supplementation of 3%bovine serum albumin (BSA). (B) Uptake of fluorescent dextran (left panel) and albumin (right panel) by
parental KRPC and KRPCS cells in complete medium as measured by fluorescence confocal microscopy. Bars represent mean ±SEM fluo-
rescence intensity per cell, across 12 fields of view. (∗∗∗) P <0.0001, unpaired two-tailed t-test. (C ) Venn diagram depicting total number of
unique and shared called peaks from ATAC-seq of KRPC cells cultured for 3 wk in ±Leu+3% BSA. (D) Box plot of mean log2 RPKM ex-
pression values of genes within 5 kb of unique ATAC-seq peaks identified in KRPCS cells. (∗∗∗) P< 0.0001, one-way ANOVA. (E) Top de
novo transcription factor motifs enriched within ATAC-seq peaks identified in KPRCS cells. (F ) Average ATAC-seq read coverage across
genomic regions bound by Tead1 ±5 kb in KRPC cells cultured for 3 wk in ±Leu+3% BSA. (G) Tracks showing ATAC-seq and RNA-seq
read coverage as well as called Tead1 ChIP-seq peaks at the Ctgf locus.
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Yap/Taz are essential for macropinocytosis and growth
that requires scavenging of extracellular proteins

While invasiveness has been associated with the nuclear
translocation of Yap and Taz, a role for these transcrip-
tional activators in macropinocytosis has not been de-
scribed. Therefore, we next investigated whether
disrupting the function of these genes would impair this
process. Knockout of either Yap or Taz alone did not sig-
nificantly decrease macropinocytosis or albumin-depen-
dent growth in unselected PDA cells (Supplemental Fig.
S3A,B). However, we observed a compensatory increase

in Taz when Yap was depleted from these cells, and vice
versa (Supplemental Fig. S3C). Thus, we generated Yap/
Taz-deficient (dKO) PDA clones by transfection with vec-
tors expressing sgRNAs targeting both Yap and Taz to-
gether with Cas9. Yap/Taz dKO cells had undetectable
levels of Axl and Ankrd1 protein (Fig. 3A). Dextran and al-
bumin uptake were severely impaired in two indepen-
dently derived Yap/Taz dKO clones (Fig. 3B–D).
Furthermore, while Yap/Taz dKO PDA cells could grow
at least as well as Yap/Taz wild-type (WT) cells in com-
plete medium, Yap/Taz dKO PDA cells grew significantly
slower in leucine-free medium supplemented with
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Figure 2. Increased Yap/Taz transcriptional activity and EMT phenotype in cells selected for extracellular protein-dependent growth.
(A) Gene set enrichment analysis (GSEA) plots showing enrichment in expression of Yap target genes, as measured by RNA sequencing
of KRPCS cells, relative to expression in KRPC cells cultured for 3 wk in complete medium+3% BSA. (B) Relative mRNA expression of
Yap, Taz, and target genes as measured by qRT-PCR in KRPC cells cultured in ±Leu ±3% BSA for 16 h or 3 wk. Bars represent mean±SD
from three biological replicates. (C ) Immunofluorescencemicrographs showing localization of Yap (antibody also cross-reactswithTaz) in
parental KRPC and KRPCS cells. (D) Immunoblot of cytosolic and nuclear extracts from parental KRPC and KRPCS cells. (E) Phase con-
trast micrographs of parental KRPC and KRPCS cells. Scale bars = 200 µm. (F ) GSEA plot showing enrichment in expression of EMT genes
in KRPCS cells, relative to expression in KRPC cells cultured for 3 wk in complete medium+3% BSA. (G) Light micrographs showing
migration of parental or KRPCS cells across control (top panels) or matrigel-coated (bottom panels) membranes. Bar plot represents
mean±SEM of invasion index (ratio of cells that migrated across matrigel membrane to control membrane) across three biological repli-
cates (∗∗∗) P=0.0005, unpaired two-tailed t-test.
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albumin (Fig. 3E). Importantly, complementation with ei-
ther Yap or Taz cDNA in the dKO cells restored albumin-
dependent growth (Fig. 3F) andmacropinocytosis (Fig. 3G)
in leucine-free medium, confirming that these pheno-
types are due to a deficiency of Yap/Taz and not an artifact
of clonal selection.

Activation of nuclear Yap/Taz promotes
macropinocytosis in PDA cells

We next tested whether enforced expression of nuclear
Yap/Taz in the absence of nutrient stress would result in
increased macropinocytosis. Transient overexpression of
Yap5SA or TazS89A mutants, but not wild-type Yap or
Taz, led to a significant increase in macropinocytosis
(Fig. 4A,B). Increased expression of transcriptional targets
Axl and Ankrd1 was also observed (Fig. 4C). To determine
whetheractivationofYaporTazcouldalso stimulatemac-
ropinocytosis in cells without a Ras mutation, we intro-
duced Yap5SA or TazS89A into KRAS wild-type BxPC-3

humanPDAcells. Even in the absence ofmutantRas, con-
stitutively nuclear Yap or Taz activated expression of Axl
and Ankrd1 (Supplemental Fig. S4A) and significantly in-
creased macropinocytosis and albumin uptake in these
cells (Supplemental Fig. S4B), demonstrating that Yap/
Taz can be sufficient to activate macropinocytosis.
To independently confirm that endogenousYapandTaz

could increasemacropinocytosis if redirected to the nucle-
us, we next tested whether loss of a negative regulator of
Yap/Taz, specifically the tumor suppressor Nf2 (Zhang
et al. 2010), would phenocopy the effect of overexpressing
constitutively nuclear Yap/Taz. CRISPR/Cas9-mediated
deletions in Nf2 led to an accumulation of nuclear Yap
and increased expression of the Yap target gene Axl (Fig.
4D). Loss ofNf2 also led to a significant increase inmacro-
pinocytosis and albumin uptake (Fig. 4E,F).
As Nf2 and Yap/Taz have been shown to be positively

and negatively regulated by cell contact inhibition
(Shaw et al. 2001; Zhao et al. 2007), respectively, we also
tested whether relief of contact inhibition could similarly
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Figure 3. Yap/Taz are essential for macropinocytosis and cell growth that is dependent on the catabolism of extracellular proteins.
(A) Immunoblot of whole-cell lysates fromYap/Taz-deficient (dKO) or wild-type (WT) KRPC cells. (B) Confocal micrographs showing up-
take of fluorescent dextran (green) and nuclei (Hoechst, blue) in Yap/Taz dKO orWT KRPC cells after 16 h of culture in complete (Comp)
or leucine-free (−Leu) medium+3% BSA. (C ) Bar plot represents mean±SEM dextran fluorescence intensity per cell, across 12 fields of
view. (D) DQ-BSA fluorescence as measured by flow cytometry in Yap/Taz dKO andWTKRPC cells cultured for 24 h in complete or leu-
cine-free medium+3% BSA. DQ-BSAwas added 4 h prior to analysis. Bars represent mean fluorescence intensity ± SD across three tech-
nical replicates. (E) Growth of Yap/Taz dKO orWTKRPC clones in complete (48 h) or leucine-freemedium (96 h) + 3%BSA. (F ) Growth of
Yap/Taz dKO or WT KRPC cells transduced with retroviruses expressing a doxycycline-inducible Yap or Taz cDNA or empty vector in
leucine-free medium+3% BSAwith 100 ng/mL doxycycline. (G) Dextran uptake in Yap/Taz dKO or WT KRPC transduced with retrovi-
ruses as in F, after culture for 16 h in leucine-free medium with 3% BSA and 100 ng/mL doxycycline. Bars represent mean fluorescence
intensity per cell ±SEM across 12 fields of view. (∗∗∗) P <0.0001, (∗∗) P <0.005, one-way ANOVA, for C–G.
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activatemacropinocytosis in PDA cells. To this end, wild-
type PDA cells were grown to confluency and subjected to
a scratch assay, whereby fluorescent dextrans could be
added during wound closure. Cells at the invading edge
of the wound were enriched in nuclear Yap (Fig. 4G) and
this increase correlatedwith elevated levels ofmacropino-
cytosis near the scratch boundary (Fig. 4H).

Yap/Taz must bind TEAD proteins to activate
macropinocytosis

Since nontranscriptional functions for Yap/Taz have been
described (Xu et al. 2018), we next testedwhether their as-
sociation with the DNA-binding TEAD factors was re-
quired to promote macropinocytosis. An S94A mutation
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Figure 4. Activation of nuclear Yap/Taz increasesmacropinocytosis. (A,B) Representative confocalmicrographs showing uptake of fluo-
rescent dextran (green) and nuclei (Hoechst; blue) in KRPC cells upon ectopic expression of Yap and Taz in completemedium. Scale bars,
30 µm. (B) Bar plots represent mean±SEM dextran (top) or albumin (bottom) fluorescence intensity per cell, across 12 fields of view.
(C ) Immunoblot of cytosolic and nuclear lysates from KRPC cells transduced with retroviruses expressing doxycycline-inducible Yap
(wild-type or 5SA) or Taz (wild-type or S89A) cDNA, or empty vector, and cultured with 100 ng/mL doxycycline for 24 h. (D) Immunoblot
of cytosolic and nuclear lysates from KRPC cells transduced with lentirviruses expressing Cas9 and an sgRNA targeting either the Nf2
gene or the Rosa26 locus (Ctrl). (E) Representative confocal micrographs showing uptake of fluorescent dextran (green) and nuclei
(Hoechst, blue) in KRPC cells expressing Cas9 and sgRNAs as in D. Scale bars, 30 µm. (F ) Bar plots represent mean±SEM dextran
(left) or albumin (right) fluorescence intensity per cell, across 12 fields of view. (G,H) Representative confocal micrographs showing
Yap immunofluorescence (G; red), dextran uptake (H; green), and nuclei (DAPI; blue) in KPC (KrasLSL-G12D/+, Trp53LSL-R272H/+, Pdx1-
Cre) cells at migrating edge of wound boundary 4 h after administration of scratch to a confluent monolayer. Scale bars, 30 μm. (∗∗∗)
P < 0.0001, (∗∗) P <0.005, (∗) P <0.05, one-way ANOVA, for B and F.
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in Yap that impairs its binding to TEAD proteins has been
identified (Zhao et al. 2008), and we also generated a sub-
stitution in Taz at an analogous serine residue, S51A. We
confirmed that TazS51A did not interact with TEAD pro-
teins by coimmunoprecipitation, while we observed a ro-
bust association with wild-type Taz or TazS89A (Fig. 5A).
Moreover, unlike their wild-type or constitutively nuclear
counterparts, YapS94A and TazS51A failed to rescue expres-
sion of target genes Ankrd1 or Axl upon expression in
Yap/Taz dKO PDA cells (Fig. 5B). Consequently, neither
YapS94A nor TazS51A could restore macropinocytosis or al-
bumin scavenging activity (Fig. 5C), and these cells failed
to grow in leucine-free medium supplemented with albu-
min (Fig. 5D). Thus, the ability of Yap and Taz to transac-
tivate TEAD target genes is required for the activation of
macropinocytosis and albumin-dependent growth.

Uptake of necrotic cells by macropinocytosis is
dependent on the Yap/Taz transcriptional target Axl

The above results demonstrate that the transcriptional ac-
tivity of Yap/Taz contributes to the regulation ofmacropi-
nocytosis. We next explored whether one or more Yap/
Taz target genes could be key effectors of this process. In
eukaryotic cells, macropinocytosis can be stimulated by
growth factor or oncogene-induced activation of PI3-ki-
nase (PI3K) (Araki et al. 1996; Amyere et al. 2000; Palm
et al. 2017). Surprisingly, we found that when transcrip-
tionally active forms of Yap/Taz were introduced into
dKO PDA cells, Akt became phosphorylated (Fig. 6A),
which suggested that PI3-kinase (PI3K) signaling could

be activated by a factor downstream from Yap/Taz. The
Yap/Taz target gene Axl is a receptor tyrosine kinase
(RTK) known to activate PI3K and Akt (Goruppi et al.
1997). Axl, a member of the TAM (Tyro-Axl-Mer) family
of RTKs, can be activated by its ligand Gas6 (Stitt et al.
1995); recombinant Gas6 increased phosphorylation of
Akt in PDA cells, but not in Yap/Taz dKO cells (Supple-
mental Fig. S5A). Furthermore, expression of exogenous
Axl in dKO cells increased Akt phosphorylation, either
upon stimulation with Gas6 following serum starvation
or in leucine-free medium supplemented with albumin
(Supplemental Fig. S5B,C).
Gas6 has been reported to function as a bridging mole-

cule between phosphatidylserine on the surface of dead
cells or cellular debris and TAM receptor-expressing
phagocytes (Lemke and Rothlin 2008). Recently, it was
demonstrated that necrotic cell debris are taken up
through macropinocytosis and, similar to albumin, can
serve as a source of amino acids in nutrient-deprived cells
(Kim et al. 2018). In an approach similar to that of Kim
et al. (2018), we used IL-3-deprived FL5.12 cells as a source
of necrotic cells, which we then labeled with a pH-sensi-
tive fluorescent ester, cypHer5E, prior to feeding to PDA
cells. CypHer5E fluorescence is increased as the engulfed
material is endocytosed and this gain in fluorescence is
readily quantified by confocal microscopy or flow cytom-
etry (Morioka et al. 2018). Using this technique, we com-
pared the engulfment of cypHer5E-stained dead cells by
KRPCS or parental KRPC. In agreement with their in-
creased level of macropinocytosis, KRPCS cells were
more effective at engulfing dead cells than parental

BA

C D

Figure 5. Transcriptional activity of Yap/
Taz is essential for macropinocytosis and
cell growth requiring the catabolismof extra-
cellular proteins. (A) Western blot of FLAG
immunoprecipitates and input lysates from
Yap/Taz dKO KRPC cells transduced with
retroviruses containing a doxycycline-induc-
ible, FLAG-tagged, Taz cDNA (either wild
type, S89A, or S51A mutant) or empty vec-
tor. Cells were cultured for 24 h in 100 ng/
mL doxycycline prior to harvest. (B) Relative
expression of Ankrd1 and AxlmRNA inWT
KRPC or Yap/Taz dKO cells transduced with
retroviruses containing a doxycycline-induc-
ible Yap or Taz cDNA (wild type or with the
indicated mutation) after culture for 24 h in
100 ng/mL doxycycline. Bars represent
mean±SD of three biological replicates. (C )
Uptake of fluorescent dextran (left panel)
and albumin (right panel) in Yap/Taz dKO
cells transduced with retroviruses contain-
ing a doxycycline-inducible Yap or Taz
cDNA after culture for 24 h in 100 ng/mL
doxycycline. Bars represents mean± SEM
fluorescence intensity per cell, across 12
fields of view. (D) Growth of WT KRPC or
Yap/Taz dKO cells transduced with retrovi-
ruses containing a doxycycline-inducible

Yap or Taz cDNA after 96 h in leucine-free medium+3% BSA and 100 ng/mL doxycycline. Bars represent mean ± s.d. of three technical
replicates. (∗∗∗) P <0.0001, (∗∗) P<0.005, (∗) P <0.05 one-way ANOVA, for C and D.
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KRPC (Fig. 6B,C). Conversely, in Yap/Taz dKO PDA cells,
where macropinocytosis was severely reduced, dead cell
engulfmentwas significantly lower (Fig. 6D). Introduction
of either Yap or Taz in dKO cells rescued dead cell engulf-
ment, but this rescue of macropinocytosis was lost when
cells were treated with the TAM receptor inhibitor
LDC1267, suggesting that Axl activity is required down-
stream fromYap/Taz for themacropinocytic uptake of ne-
crotic cell debris.

Finally, although the above data demonstrate that Yap/
Taz induction of Axl correlates with the ability to engulf
dead cells, we asked whether the expression of Axl would
be sufficient to induce the engulfment of dead cells in the
absence of Yap and Taz. Ectopic expression of Axl in the
Yap/Taz dKO was sufficient to rescue dead cell engulf-
ment (Fig. 6E). Treatment with either a PI3-kinase or
TAM receptor inhibitor similarly blocked dead cell en-
gulfment by PDA cells (Supplemental Fig. S5D,E), indicat-
ing that PI3K is a critical downstream effector of Axl in
this context.

The ability of Axl to increase macropinocytosis
is evolutionarily conserved in mammals

Since the preceding experiments were performed in
mouse PDA cells, we next assessed whether these find-
ings could be generalized to other cell types and/or spe-
cies. To this end, we used two human KRAS mutant cell
lines that highly expressed AXL: NCI-H1299 (lung adeno-
carcinoma) and PaTu 8988T (pancreatic ductal adenocar-
cinoma). Both cell lines actively engulfed necrotic FL5.12

cells labeled with cypHer5E (Fig. 7A,B). Either PI3-kinase
or TAM receptor inhibition could block the engulfment of
dead cells (Fig. 7A) and knockout of AXL alone was suffi-
cient to significantly impair dead cell engulfment in ei-
ther H1299 or 8988T cells (Fig. 7B). Gas6 stimulation
increased phosphorylation of Akt in either cell line, but
this activity was lost entirely upon depletion of AXL
(Fig. 7C). Transient exposure to Gas6 was also sufficient
to activate macropinocytosis in these cells, but not if
AXL was deleted (Fig. 7D,E). Finally, the ability of these
cells to grow in low amino acid (1%AA)mediumwas sup-
ported by supplementing the medium with necrotic
FL5.12 cells. The necrotic cell-dependent growth was pre-
vented following either deletion of AXL (Fig. 7F) or PI3K
inhibition (Fig. 7G).

Discussion

The above results suggest a previously uncharacterized
role for Yap and Taz in supporting cell growth by enhanc-
ing macropinocytosis and the uptake of necrotic cells and
cell debris through their transcriptional target, Axl. Since
the discovery of the their ortholog yorkie (yki) in Droso-
phila, Yap and Taz have been implicated in the control
of cell growth and tissue regeneration (Huang et al. 2005).

In mousemodels of PDA, amplification of Yap has been
observed in tumors that relapse upon inactivation of Kras
(Kapoor et al. 2014; Shao et al. 2014). While the complete
loss of Yap/Taz in PDA cells was well-tolerated in com-
plete medium, we found that Yap/Taz were required for
cell growth when protein or necrotic cells were the
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Figure 6. Uptake of necrotic cells bymacropi-
nocytosis is dependent on the Yap/Taz tran-
scriptional target Axl. (A) Immunoblot of
whole cell lysates from WT KRPC or Yap/Taz
dKO cells transduced with retroviruses con-
taining a dox-inducible Yap or Taz cDNA after
culture for 24 h in 100 ng/mL doxycycline.
(B) Histogram showing engulfment of
cypHer5E-stained necrotic FL5.12 cells by
KRPCS cells or parental KRPC after 2 h in com-
plete medium, as measured by flow cytometry.
(C ) Bar plot represents mean±SD frequency of
cypHer5E-positive cells from three technical
replicates. (∗∗∗) P<0.0001, unpaired two-tailed
Student’s t-test. (D) Engulfment of cypHer5E-
stained necrotic FL5.12 cells after 6 h by WT
or Yap/Taz dKO KRPC cells. Cells were trans-
duced with retroviruses containing a doxycy-
cline-inducible Yap or Taz cDNA and
necrotic cell engulfment was measured after 6
h in the presence of 100 nM LDC1267 or vehi-
cle. Assay was performed following 18 h cul-
ture in 100 ng/mL doxycycline. Bars represent
mean± SD cypHer5E-positive cells, as mea-
sured by flow cytometry, from three technical
replicates. (E) Engulfment of cypHer5E-stained

necrotic FL5.12 cells after 6 h byWTKRPCor Yap/Taz dKO cells transducedwith retroviruses containing a doxycycline-induciblemouse
Axl cDNA (either isoform 1 or 3). Assay was performed following an 18-h culture in 100 ng/mL doxycycline. Bars represent mean± SD
cypHer5E-positive cells, as measured by flow cytometry, from three technical replicates. (∗∗∗) P < 0.0001, one-way ANOVA.
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obligate source of amino acids. Pancreatic tumors have
been reported to be vascularly compromised and often
depend on alternative sources of nutrients to maintain vi-
ability and growth (Kamphorst et al. 2015). Furthermore,
we observed that loss of a negative regulator of Yap/Taz,
Nf2, also led to an increase in protein scavenging. These
results are in agreementwith studies that observed elevat-
ed macropinocytosis in Nf2-deficient cancer cells (Chias-
son-Mackenzie et al. 2018). Nf2 is a known tumor
suppressor gene that is frequently mutated or deleted in
human cancer.
Our results implicate the TAM receptor Axl can func-

tion as a critical downstream mediator of Yap/Taz in the
activation of macropinocytosis. Although the role of
TAM receptors in the phagocytosis of apoptotic cells has
been well studied in macrophages (Lemke and Rothlin
2008), our data demonstrate that tumor cells can also
use these receptors to efficiently engulf dead cells and re-
cycle their contents to fuel growth. Moreover, we ob-
served that the ligand for Axl, Gas6, is a potent inducer
of macropinocytosis and can directly activate PI3-kinase
in PDA cells. Gas6 secretion by stromal cells was shown
to be induced in response to oncogenic Kras activation
in the pancreas (Tape et al. 2016). In this context, PI3-ki-
nase activation by Kras was non-cell-autonomous and

was dependent on stromal production of Gas6. Gas6 activ-
ity requires the vitamin K-dependent γ carboxylation of
glutamate residues (Varnum et al. 1995), which means it
can be also be inhibited by vitamin K antagonists such
as warfarin. This could partially explain the intriguing
trend that PDA patients on warfarin exhibit slightly im-
proved outcomes (Kirane et al. 2015). Recently, blockade
of Gas6 in mouse models of pancreatic cancer was also
shown to be effective in reducing metastatic tumor bur-
den (Ireland et al. 2020).
Amajor reason why PDA has such a dismal prognosis is

the propensity of this cancer to metastasize (Hidalgo
2010). Our observation that PDA cells that persist after
chronic leucine deprivation are more invasive and exhibit
hallmarks of EMT implies that nutrient availability could
influence clonal evolution as tumors grow larger ormetas-
tasize. Recent studies have demonstrated that cancer cells
with greater metastatic potential are prone to use alterna-
tive metabolic fuels such as lactate or fatty acids (Pascual
et al. 2017; Tasdogan et al. 2020). Thus, it has been
theorized that the ability of cells to endure different tissue
microenvironments with varying concentrations of nutri-
ents would necessitate a higher degree of metabolic plas-
ticity. Intriguingly, when cells were selected for their
ability to scavenge an alternative metabolic fuel, namely
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Figure 7. Evolutionarily conserved role
for Gas6/Axl/PI3K signaling in the activa-
tion of macropinocytosis. (A) Engulfment
of cypHer5E-stained FL5.12 cells (magenta)
by H1299 cells (green) in the presence of 1
µM GDC-0941, 100 nM LDC1267, or vehi-
cle. Representative images taken by live
confocal microscopy at 4 h. Nuclei were
stained with Hoechst-33342 (blue). (B) En-
gulfment of cypHer5E-stained FL5.12 cells
after 4 h by PaTu 8988t orH1299 cells trans-
ducedwith lentiviruses expressingCas9 and
sgRNAs targeting AXL or control genomic
loci. Bars represent mean±SD cypHer5E-
positive cells, as measured by flow cytome-
try, from three technical replicates. (∗∗) P<
0.005, (∗∗∗) P<0.0001, one-way ANOVA.
(C ) Immunoblot of whole-cell lysates from
H1299 or PaTu 8988t cells transduced with
lentiviruses expressing Cas9 and sgRNAs
targetingAXL or control genomic loci. Cells
were serum-starved in 0.1% FBS for 8 h, fol-
lowed by 15 min ±recombinant Gas6 (400
ng/mL) prior to harvest. (D) Uptake of fluo-
rescently labeled dextran by H1299 cells
transduced with lentiviruses expressing
Cas9 and sgRNAs targeting either AXL or
control genomic loci. Cells were serum-
starved in 0.1% FBS for 8 h prior to addition
of dextran ± recombinant human Gas6 (400
ng/mL) for 30 min. (E) Bar plot representing
mean±SEM fluorescence intensity per

cell, across 12 fields of view. (∗∗∗) P <0.0001, one-way ANOVA. (F ) Growth of PaTu 8988t cells transduced with lentiviruses expressing
Cas9 and sgRNAs targeting either AXL or control genomic loci in medium containing 1% amino acids ±necrotic FL5.12 cells (25:1).
(∗∗∗) P<0.0001, one-way ANOVA. (G) Growth of PaTu 8988t cells in medium containing 1% amino acids ± necrotic FL5.12 cells (25:1)
with 1 µM GDC-0941 or vehicle. (∗∗∗) P<0.0001, two-tailed t-test.
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extracellular protein, these selected cells were also more
invasive and enriched in nuclear Yap/Taz. Although it re-
mains unclear in this context which signals contribute to
the decrease in Lats-mediated phosphorylation of Yap/
Taz, increasing nuclear Yap or Taz alone was sufficient
to enable PDA cells to scavenge extracellular proteins
and promoted their invasion through basement mem-
brane. Previous studies have shown Yap/Taz can activate
EMT and promote metastasis (Overholtzer et al. 2006;
Mueller et al. 2018). Yap/Taz are transcriptional activa-
tors and the overlap of Yap/Taz target genes required to in-
duce EMT and those required to induce macropinocytosis
remains to be determined. To date, other well-character-
ized activators of EMT, such as Snail, Slug, or Twist,
have not been implicated in the induction of macropino-
cytosis. Nevertheless, the present data suggest that EMT
and macropinocytosis can both be supported by Yap/Taz
and could contribute to the ability of PDA cells to
metastasize.

Materials and methods

Reagents

Antibodies to Akt (2920), Akt pSer473 (4060), Akt pThr308
(13038), S6K1 pThr389 (9234), S6K (2708), S6 pSer235/236
(4856), S6 (2317), Erk1/2 pThr202/Tyr204 (4377), Erk1/2 (9107),
Lats1 pT1079 (8654), Lats1 (3477), Nf2 (6995), Lamin A/C
(4777), Histone H3 (3638), pan-TEAD (13295), Taz (4883), and hu-
man Axl (8661) were purchased from Cell Signaling Technology.
Antibodies to Yap (63.7) and Ankrd1 (G-2) were purchased from
Santa Cruz Biotechnology. Antibodies to Vinculin (V9131), Actin
(A5441), andGapdh (G8795) were purchased from Sigma-Aldrich.
Antibodies to mouse Axl (AF854) and recombinant human Gas6
(895-GSB-050) were from R&D Systems. Secondary antibodies
were from GE Healthcare (HRP-linked anti-rabbit and HRP-
linked anti-mouse) and Thermo Fisher Scientific (HRP-linked
anti-goat).
Alexa fluor 647 BSA, Oregon Green dextran (70 kDA), DQ

Green BSA, and Hoechst 33342 were from Life Technologies.
DAPI was from Sigma-Alrich. Inhibitors were purchased from
Cayman Chemical (GDC-0941), Tocris Bioscience (Torin1), and
Selleck Chemicals (LDC1267). Amino acid starvation media
were fromAthena (DMEM/F12 0423) or prepared by theMemori-
al Sloan Kettering Cancer Center Media Core Facility. Dialyzed
FBS was from Gemini Biosystems and BSA (A1470) was from
Sigma.

Plasmids

LentiCRISPR v2 (Addgene plasmid 52961), PX458 (Addgene plas-
mid 48138), and pX459 (Addgene plasmid 62988) were a gift from
Feng Zhang. pLenti-EF-FH-Taz-ires-blast (Addgene plasmid
52083) and pLenti-EF-FH-Taz S89A-ires-blast (Addgene plasmid
52084) were a gift from Yukata Hata. pQCXIH-Myc-Yap (Addg-
ene plasmid 33091) and pQCXIH-Myc-Yap 5SA (Addgene plas-
mid 33093) were a gift from Kun-Liang Guan. Yap S94A and
Taz S51A mutants were generated by PCR mutagenesis using
the following primer pairs: YapS94AF (CGGCTTGAAGAAGGC
GTCGGGCAGCTTCC) and YapS94AR (GGAAGCTGCCCGA
CGCCTTCTTCAAGCCG), and TazS51AF (GGCTCCTTAAAG
AAAGCCTCCGGCAGGATCTTC) and Taz S51AR (GAAGAT
CCTGCCGGAGGCTTTCTTTAAGGAGCC). Yap and Taz

cDNAs were PCR-amplified and subcloned into pTURN (pSIN-
TREtight-UbiC-rtTA-ires-Hygro) vectors by Gibson Assembly
(NEB). Mouse Axl isoforms 1 and 3 (NM_009465 and NM_
001190975) were cloned from cDNA prepared from KRPCS cells
using the following primer pair: mAxlF (TGTCTGGAGGA
TGGGCAG) and mAxlR (AGATTGTCTCAGGCTCCG).
CRISPR sgRNA sequences targeting genes of interest were gen-

erated with GuideScan (Perez et al. 2017). The following sgRNA
sequences were cloned into LentiCRISPRv2 to generate knock-
out cell lines: Yap sg1 (ATCAGCGTCTGGGGCACCGC), Yap
sg2 (CGGCTGTTGCGCGGGCTCCA), Taz sg1 (CGCCAGCTA
GTCGAGGCCCC), Taz sg2 (GGCTAGTGGCCACGACTTGC),
Nf2 sg1 (AGAGCACGGACGCCTCGGGA), Nf2 sg2 (TGTCGC
TGTAGGAGATGTTT), AXL sg1 (CCGAAGCCAATGTACCT
CGG), and AXL sg2 (CACCCCTTATCACATCCGCG). Control
sgRNA sequences were as follows: Ctrl sg1 (mouse; GCTG
GAGTTGCAGATCACGA), Ctrl sg2 (mouse; GAAGATG
GGCGGGAGTCTTC), Ctrl sg1 (human; GGATACTTCTTCGA
ACGTTT), and Ctrl sg2 (human; GGGGCCACTAGGGACAG
GAT). For generation of Yap/Taz dKO cells, Yap sg2 and Taz
sg1 were each cloned into PX459 and transiently cotransfected
into KRPC cells. Puromycin-resistant cells were then plated at
clonal density and selected clones were screened for loss of Yap
and Taz expression by Western blot.

Cell culture

KRPC (Lito et al. 2014) and KPC (KrasLSL-G12D Trp53LSL-R272H

Pdx1-Cre) murine pancreatic ductal adenocarcima cell lines
were kindly provided by Scott Lowe. FL5.12 cells were described
previously (Vander Heiden et al. 1997). NCI-H1299 lung carcino-
ma, BxPC-3, and Pa-Tu-8988t pancreatic ductal adenocarcinoma
cell lines were obtained from the ATCC and verified by the Me-
morial Sloan Kettering Cancer Center cell line distribution ser-
vice. KRPC, KPC, NCI-H1299, and Pa-Tu-8988t cells were
cultured at 37°C and 5% CO2 in DMEM/F12 with 10% FBS,
100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM gluta-
mine. FL5.12 and BxPC-3 cells were cultured in RPMI with
10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 2
mM glutamine. For FL5.12, 55 µM 2-mercaptoethanol (Gibco)
and 1.4 ng/mL murine IL-3 (Peprotech 213-13) were also supple-
mented. To prepare necrotic FL5.12 cells, cells were pelleted,
washed three times with PBS, and seeded in medium without
IL-3 at high density (107/mL) for 72–96 h, as described previously
(Kimet al. 2018). All cell lineswere routinely tested formycoplas-
ma contamination.
Lentivirus (pLentiCRISPRv2)was prepared by cotransfection of

HEK293T cells with lentiviral vector, psPAX2, and pMD2.G
(4:3:1) complexed with PEI (linear MW 25,000; Polysciences,
Inc.). Retrovirus (pTURN)was similarly prepared using pCG-gag-
pol in lieu of psPAX2. Viral supernatant was collected 48 h later
and filtered through a 0.45-µmpolyethersulfonemembrane. Cells
were infected in the presence of 4 µg/mL polybrene and selected
32 h later with 5 µg/mL puromycin or 200 µg/mL hygromycin.
Cell growth experimentswere performed bywashing cells once

with PBS, dissociating cells with trypsin and then resuspending
in leucine-free medium (Athena SILAC medium 0423; reconsti-
tuted with lysine, arginine, and methionine with 10% dialyzed
FBS, 4 mM glutamine, 100 U/mL penicillin, 100 μg/mL strepto-
mycin). Cells (2.5 × 104 to 5 × 104) were seeded directly in com-
plete or leucine-free medium with 3% BSA in 12-well plates in
triplicate. For complete medium, free leucine was added back to
leucine-free medium to a final concentration of 400 µM. Cells
were counted 16 h after seeding to determine starting population
(day 0) and every 24 h thereafter, up to 96 h later.
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To measure cell growth dependent on the uptake of necrotic
cells, 5 × 104 cells were first seeded in triplicate in complete
DMEM/F12 in 12-well plates. Sixteen hours later, initial cell
counts were determined; wells were washed once with PBS and
medium was exchanged to 1% AA DMEM/F12 (amino acid-free
DMEM/F12 mixed 99:1 with complete DMEM/F12+10% dia-
lyzed FBS, 100 U/mL penicillin, 100 μg/mL streptomycin) with
or without necrotic FL5.12 (25:1 necrotic cells:target cells). Ne-
crotic FL5.12 cells were washed twice with PBS prior to resus-
pending in assay medium. No change in cell growth was
observed upon addition of necrotic cells in complete medium.
Relative cell growthwas calculated as the ratio of cells counted

at the indicated experiment endpoint relative to Day 0. Biomass
was calculated by multiplying cell number by mean cell volume
and theoretical cell density. All cell counts and volumemeasure-
mentswere determined using a BeckmanCoulter CounterMulti-
sizer 3.

Western blots

Whole-cell lysates were prepared by washing cell monolayers
once with ice-cold PBS and scraping cells in ice-cold RIPA buffer
(10 mM Tris at pH 8, 140 mM NaCl, 1% Triton X-100, 0.1%
sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 0.5 mM EGTA,
1× Halt protease, phosphatase inhibitor mixtures; Thermo Scien-
tific). For instances when cells were grown in media with supple-
mented BSA, cells were first dissociated with 0.25% trypsin and
resuspended in serum-containing media, pelleted at low speed
(500×g for 5min at 4°C), washed oncewith ice-cold PBS, and lysed
in RIPA buffer. Lysis was allowed to proceed for 15min on ice and
soluble lysate fractions were isolated by centrifugation at 16,000g
for 10 min.
Nuclear and cytoplasmic fractions were prepared by first resus-

pending cells in Harvest buffer (10 mM HEPES KOH at pH 7.9,
50 mM NaCl, 0.5 M sucrose, 0.1 mM EDTA, 0.5% Triton X-
100, 1× Halt protease, phosphatase inhibitors) for 5min to solubi-
lize the cytosol, followed by pelleting the remaining material at
low speed (500×g for 5 min), washing once with buffer A (10
mM HEPES KOH at pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1
mM EGTA), and solubilizing nuclei in buffer C (10 mM HEPES
KOH at pH 7.9, 500 mM NaCl, 0.1 mM EDTA, 0.1 mM EGTA,
0.1%NP-40 substitute, 1×Halt protease, phosphatase inhibitors),
followed by brief sonication.
For immunoprecipitation of FLAG-tagged proteins, cells were

lysed in 1% Triton X-100, 20 mM Tris (pH 8), 140 mM NaCl,
10% glycerol, 2 mM EDTA with 1× Halt protease, and phospha-
tase inhibitors. FLAG-containing complexes from 1mg of cell ly-
sate were captured with 40 µL of anti-FLAG M2 magnetic beads
(Sigma-Aldrich) for 1 h, followed by four washes with lysis buffer
and elution in 30 µL of 2× Laemmli buffer for 5min at 95°C. Equal
volumes of eluate were run alongside 25 µg of input on an SDS–
polyacrylamide gel.
Protein concentrations were determined with the Pierce BCA

protein assay (Thermo Scientific) and equal amounts of proteins
were separated by SDS-PAGE (NuPAGE 4%–12% Bis-Tris gels,
Thermo Fisher) and transferred to nitrocellulose membrane (Bio-
Rad). Membranes were blocked for 1 h in TBST with 5% nonfat
dry milk and incubated with primary antibodies (diluted 1:500–
5000 in TBSTwith 5% BSA) overnight (16–24 h). Following three
10-minwashes inTBST,membraneswere placed in secondary an-
tibodies (diluted 1:5000 in TBST with 5% milk) for 1 h, washed
three times for 10 min in TBST, briefly air-dried and developed
with Pierce ECL (Thermo Fisher) or Super Digital ECL solution
(Kindle Biosciences). Chemiluminescent exposures were cap-
tured with a ChemiDoc Touch imaging system (Bio-Rad) and im-

ages were processed with Image Lab software. When necessary,
nitrocellulose membranes were stripped with Restore Stripping
solution (Thermo Fisher) for 20 min at 37°C, blocked with 5%
milk in TBST, and probed with additional antibodies.

Fluorescence microscopy

For quantification of dextran uptake, cells were seeded onto glass
chamber slides in complete or leucine-free medium+3% BSA
and cultured for 16 h. Uptake ofmacromolecules was determined
by addition of 0.1 mg/mL fluorescently labeled 70-kDa dextran
and BSA for 30 min, followed by three washes with ice-cold PBS
and fixation in 4% formaldehyde in PBS for 15min.After fixation,
cells were labeled for 5 min with 2 µg/mL Hoechst in PBS and
washed once with PBS. Images were acquired with a Zeiss LSM
880 confocalmicroscope. Cellular uptake of fluorescently labeled
dextran or albumin was quantified using the particle analyzer
function of ImageJ. Mean fluorescence intensity was determined
by calculating the integrated signal density per cell in randomly
chosen fields of view.
Immunofluorescence staining for Yap was performed after cul-

turing cells for 48 h on poly-L-lysine-coated coverslips. Cells were
washed once with PBS, fixed for 20 min in 4% formaldehyde in
PBS, washed twice more with PBS and permeabilized with
0.1% Triton X-100 in PBS for 5 min. Coverslips were blocked in
PBG (0.5% BSA/0.2% cold water fish skin gelatin in PBS) for
1 h, followed by addition of primary Yap antibody (63.7; 1:200;
Santa Cruz Biotechnology) in PBG overnight at 4°C. Following
three 5-min washes with 4% normal goat serum (Cell Signaling
Technology) in PBG, secondaryantibodysolution (Alexa fluor 647
goat anti-mouse IgG; ThermoFisher, diluted 1:1000 in 4%normal
goat serum in PBG) was added for 1 h at room temperature. After
three final 5-minwasheswith PBS, coverslipsweremounted onto
glass slides in ProLong Gold Antifade medium with DAPI (Life
Technologies). Images were acquired with a Leica SP5 confocal
microscope.
Live imaging of uptake of cypHer5E-stained FL5.12 cells was

performed by seeding H1299 cells transduced with pMSCV-
puro-ires-GFP retrovirus into glass chamber slides. CypHer5E-
stained necrotic FL5.12 cells (106/mL), Hoechst 33342 (0.2 µg/
mL), and inhibitorswere added to themediumand fieldswere im-
aged every 20 min on a Zeiss LSM880 confocal microscope
equipped with a CO2 humid chamber for 6 h at 37°C.

ATAC-seq

ATAC-seq libraries were prepared from 5×104 cells per sample as
described previously (Buenrostro et al. 2015) using the Nextera
DNA library preparation kit (Illumina). Libraries were amplified
by PCR with barcoded primers using NEBNext Hi-Fidelity 2×
Mastermix (New England Biolabs) and purified with the Qiagen
MinElute PCR purification kit. Sample libraries were quantified
by qPCR using a KAPA library quantification kit, pooled and se-
quenced on an Illumina NextSeq 500. Paired-end, 50-bp reads
from demultiplexed fastq files were trimmed using TrimGalore
and trimmed reads were aligned to genome build mm9 with
bowtie2 with a maximum fragment length (-X) of 2000 bp. Ge-
nome-wide sequence coverage was determined with DeepTools
bamCoverage, using 1× RPGC normalization, and visualized
with Integrated Genome Viewer (IGV2.0). ATAC-seq peaks
were called usingMACS2 and peaks unique to KRPCSwere deter-
mined using compiled data from KRPC cells grown in complete
medium as background. Enriched DNA motifs associated with
transcription factors were determined within 200-bp window
centered on peak summits from MACS2 (using BedTools) and
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de novo motif analysis was performed using Homer. ATAC-seq
read coverage across TEAD-bound genomic loci was calculated
with DeepTools using publically available Tead1 ChIP-seq data
(GSE 55186). Raw and processed ATAC-seq data was deposited
into the Gene Expression Omnibus (GSE155674).

RNA-seq

RNA was isolated from cells using Trizol and libraries were pre-
pared using the TruSeq RNA sample preparation kit v2 (Illumina)
in accordance with the manufacturer’s instructions. Libraries
were sequenced using an Illumina HiSeq 4000 generating 150-
bp paired-end reads. Sequences from demultiplexed fastq files
were trimmed using TrimGalore and trimmed reads were aligned
to genome build mm9 using TopHat2 with default parameters.
Aligned features were counted with htseq-count and differential
expression was determined using the edgeR package in Biocon-
ductor as described previously (Anders et al. 2013). Genes with
> 1 aligned read per million in at least two replicates were includ-
ed for further analysis. Principal component analysis was per-
formed using the DESeq2 package in Bioconductor. Gene set
enrichment analysis (Broad Institute) was performed using log2
ratio of classes as a ranking metric with 1000 permutations. Pair-
wise comparisons of RNA-seq data from each sample group were
tested across all curated (c2) and hallmark gene sets available in
theMolecular SignatureDatabase. Gene sets related to Yap target
genes (“Cordenonsi Yap conserved signature” and “YAP1 targets
up”) were generated from previously published studies (Zhang
et al. 2008; Cordenonsi et al. 2011). Raw and processed RNA-
seq data was deposited into the Gene Expression Omnibus
(GSE155650).

Flow cytometry

To measure catabolism of extracellular albumin, cells were
directly seeded in complete or leucine-free medium supplement-
ed with 3% BSA and cultured overnight (16 h). DQ-BSA Green
(0.05 mg/mL) and LysoTracker Red (10 nM; Life Technologies)
were added to the cells for 4 h, after which cells were washed
once with PBS, dissociated with trypsin, resuspended in serum-
containing medium, and pelleted at 400g for 5 min at 4°C. Pellet-
ed cells were resuspended in FACS buffer (PBS, 2% FBS) and sam-
ples were analyzed immediately.
Determination of necrotic cell engulfment was achieved by

first pelleting 5 × 107 necrotic FL5.12 cells at 700g for 5 min at
room temperature and resuspending them in 10 mL of PBS with
1 µM cypHer5E NHS ester (GE Healthcare) for 30 min at 37°C.
Stained cells were pelleted again and resuspended in assay medi-
um at a concentration of 2 × 106/mL along with inhibitors or ve-
hicle controls and added to the wells of a tissue culture plate
containing target cells. Plates were spun in a swinging bucket ro-
tor centrifuge twice at 500g for 1 min at room temperature, rotat-
ing the plate in between spins, and returned to the tissue culture
incubator for 2–6 h. Cells were harvested in the same manner as
for the DQ-BSA assay above. Samples were analyzed on a BD For-
tessa or LSRII flow cytometer. Analysis of data and generation of
histograms was performed with FlowJo (Treestar).

In vitro invasion assay

Control and matrigel invasion chambers (Corning, PET mem-
brane, 8-µm pore size, 24-well) were prepared according to the
manufacturer’s instructions. Cells were dissociated with nonen-
zymatic cell dissociation reagent and resuspended in DMEM/
F12 with 0.1% BSA at a concentration of 5 × 105/mL. One-hun-

dred microliters of cell suspension was added to the upper cham-
ber, followed by addition 650 µL of DMEM/F12 with 10% FBS to
the outer/lower chamber. Invasion/migrationwas allowed to pro-
ceed overnight (16 h) in a tissue culture incubator. Nonmigrated
cells were scrubbed away with a cotton-tipped applicator and
membranes were fixed in 70% ethanol for 10 min, stained in
0.2% crystal violet for 5 min, washed in water, and air-dried.
Membranes were excised with a scalpel and mounted on a cov-
er-slipped glass slide with Cytoseal-70 (Thermo Fisher). Images
were acquired with a Zeiss AxioCam microscope or Mirax Slide
Scanner.

Statistical analyses

One-way ANOVA and Student’s t-tests were performed with
GraphPad Prism, using Tukey’s method to correct for multiple
comparisons. Graphs were generated using R or GraphPad Prism
software.
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