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Lamellar bodies (LBs) are lysosome-related organelles (LROs) of
surfactant-producing alveolar type 2 (AT2) cells of the distal lung
epithelium. Trafficking pathways to LBs have been understudied
but are likely critical to AT2 cell homeostasis given associations be-
tween genetic defects of endosome to LRO trafficking and pulmo-
nary fibrosis in Hermansky Pudlak syndrome (HPS). Our prior studies
uncovered a role for AP-3, defective in HPS type 2, in trafficking
Peroxiredoxin-6 to LBs. We now show that the P4-type ATPase
ATP8A1 is sorted by AP-3 from early endosomes to LBs through
recognition of a C-terminal dileucine-based signal. Disruption of
the AP-3/ATP8A1 interaction causes ATP8A1 accumulation in early
sorting and/or recycling endosomes, enhancing phosphatidylserine
exposure on the cytosolic leaflet. This in turn promotes activation of
Yes-activating protein, a transcriptional coactivator, augmenting cell
migration and AT2 cell numbers. Together, these studies illuminate
a mechanism whereby loss of AP-3-mediated trafficking contributes
to a toxic gain-of-function that results in enhanced and sustained
activation of a repair pathway associated with pulmonary fibrosis.
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Pulmonary surfactant is a mixture of proteins, phospholipids,
and neutral lipids secreted from alveolar type 2 (AT2) epithelial
cells to reduce alveolar surface tension, ensuring that alveoli remain
open throughout the respiratory cycle (1). Interruption of surfactant
maturation by preterm birth, inactivation of surfactant components,
and genetic defects affecting surfactant constituents impair surfac-
tant function and contribute to lung disease. Lamellar bodies (LBs)
in AT2 cells are lysosome-related organelles (LROs) that receive
surfactant constituents, serve as a site for modification of surfactant
components, and store pulmonary surfactant for secretion. Trans-
membrane proteins, like adenosine triphosphate (ATP)-binding
cassette protein A3 (ABCA3) that promotes surfactant phospho-
lipid enrichment, and secreted proteins, like surfactant proteins B
and C (SFTPB, SFTPC), are components of LBs (1). However, the
critical pathways delivering proteins to LBs and the impact of dis-
rupted LB protein targeting on AT2 cell homeostasis and lung
disease are poorly understood.

Trafficking pathways that target membrane proteins to LROs
include the biogenesis of LRO complexes (BLOC)-1, -2, and -3
and the Adaptor Protein 3 complex (AP-3), and defects in these
pathways are found in genetic diseases known collectively as the
Hermansky Pudlak syndromes (HPSs) (2, 3). Investigation of BLOC-
and AP-3-mediated protein trafficking to melanosomes has fostered
a rich understanding of the role of protein trafficking in loss of pig-
mentation in HPS patients (3), but few LB proteins are known to
utilize BLOCs or AP-3, and mechanisms directly linking loss of
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BLOC and AP-3 to lung disease in HPS patients are lacking. We
previously identified AP-3 as a critical element in trafficking the
soluble protein Peroxiredoxin-6 (PRDX6) to nascent LBs through
its association with lysosomal integral membrane protein 2 (LIMP2)
(4). However, fibrotic lung repair in patients with HPS type 2
(HPS2) or in the pearl mouse, both lacking the essential beta subunit
of AP-3 (2, 5-8), could not be explained by mistargeting of PRDX6
or LIMP2. Consequently, evidence that LIMP2 engages AP-3 via a
cytoplasmic dileucine-like signal (9, 10) led us to investigate whether
dileucine-mediated AP-3 targeting employed by other LB trans-
membrane proteins might explain how AP-3 loss of function con-
tributes to fibrotic lung repair.

ATP8AL1 is a P4 ATPase transmembrane protein identified as
a limiting membrane component of LBs in AT2 cells (11). P4
ATPases exploit ATP hydrolysis to flip phospholipids from one
side of a membrane to the other (12, 13). ATP8AL, a Class 1 P4
ATPase and previously known as APLT or ATPase II, was first
recognized as a flippase with specificity for translocating phos-
phatidylserine (PtdSer) from the exofacial leaflet of the plasma
membrane to the cytofacial leaflet, thus eliminating PtdSer as an
“eat me” signal for phagocytes (14, 15). Trafficking of P4 ATPases
beyond the endoplasmic reticulum (ER) requires association with
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a member of the CDC50/LEM3 family of proteins, and ATPSA1
heterodimerizes selectively with CDCS0A (16). In addition to the
plasma membrane, mammalian ATP8A1 and its yeast ortholog,
Drs2, are targeted to Golgi and endosomal membranes at steady
state (12, 17), where PtdSer-enrichment of membranes facilitate
protein sorting and binding (18, 19). Cytosol-exposed N- or
C-terminal di-leucine-based signals mediate Golgi and endosomal
targeting of some P4 ATPases (20, 21), whereas yeast Drs2 targeting
to endosomes requires interaction with the adaptor AP-1 (22). There
is currently no evidence for ATP8AL trafficking to LROs.

Localization of ATPS8A1 to endosome membranes has im-
portant effects on Hippo/Yes-activating protein (YAP) signaling,
a pathway that mediates a variety of cell behaviors (23, 24). YAP is
a transcriptional coactivator, and binding between YAP and TEA
domain (TEAD) transcription factors mediates the downstream
effects of canonical Hippo/YAP signaling (24). Activated YAP is
central to the maintenance of alveolar epithelial cell populations
and their transcriptional programs (25). YAP is a critical regulator
of AT?2 cell proliferation after injury (26), and loss of YAP during
recovery after infection can delay regenerative responses of AT2
cells (27). Recently, endosomal targeting of ATP8AL1 and cytosolic
exposure of PtdSer on endosome membranes were shown to ac-
tivate YAP in selected cell lines (23). Based on these studies, we
hypothesized that AP-3 was involved in ATP8AL targeting to LBs,
such that disruption of AP-3 might lead to retention of ATP8A1 in
endosomes, altering the YAP signaling.

Here, we identify an acidic di-leucine-based targeting signal
within the C-terminal tail of mammalian ATP8A1 and show that it
specifies targeting beyond endosomes to LBs. This di-leucine-based
motif shares well-described characteristics of similar motifs that
engage AP-3 to direct proteins, such as PI4K2A (28) to endosomes,
LIMP2 (9, 10) and HIV-1 negative regulatory factor (NEF) pro-
teins (29) to late endosomes and lysosomes, and Tyrosinase (30,
31) and Oculocutaneous Albinism 2 (OCA2) (32) to LROs. We
demonstrate further that disruption of AP-3 in AT2 cells impairs
trafficking of ATP8AL1 to LBs, resulting in ATP8A1 accumulation
in early endosomes. Loss of trafficking of ATP8AL triggers a toxic
gain of function by promoting YAP activation and enhanced ex-
pression of YAP gene targets in vitro and in vivo. Together, these
data identify a critical target for AP-3—dependent trafficking to
LBs in AT2 cells and provide insight into the impact of disrupted
trafficking on AT2 cell biology and the etiology of HPS2-
associated lung disease.

Results

ATP8A1 Is a P4-ATPase that Is Targeted to LBs in an AP-3-Dependent
Manner. ATP841 mRNA is expressed in human AT2 (hAT2) cells
[NCBI/Gene Expression Omnibus GDS1404; GSE19699; probes
213196_at and 210192 _at (33, 34)] and ATP8A1 has been reported
in a LB proteome (11). Immunoblotting of hAT?2 cell lysates and
subcellular fractions enriched for known LB constituents SFTPB
and ABCA3 showed substantial LB enrichment of ATPSAL1 but was
depleted of markers of ER (GRP94, GRP78), Golgi (GM130),
endosomes (VAMP4), and cytosol (HSP60; Fig. 14). Despite ex-
cellent detection of endogenous ATPS8A1 by immunoblotting of
human samples, the signal to noise ratio of immunofluorescence
microscopy (IFM) images of endogenous ATP8al in primary hAT2
cells was poor. We therefore constructed a plasmid with an internal
ribosome entry site to express both green fluorescent protein
(GFP)-tagged ATPS8A1 (GFP-ATP8A1) and myc-tagged CDC50A
(myc-CDC50A), as ATP8AL exportation from the ER is dependent
on dimerization with CDC50A (16). Transfection of hAT2 cells
resulted in colocalization of GFP-ATP8A1 with myc-CDC50A, and
with the endogenous LB marker DC-LAMP (Fig. 1B and SI Ap-
pendix, Fig. S1) (35). By comparison, IFM demonstrated endoge-
nous ATP8A1 in ABCA3-containing LB of primary AT2 cells from
wild-type (WT) C57BL/6J mice (mAT2-WT; Fig. 1C and SI Ap-
pendix, Fig. S1). Immunoblotting showed that ATPSA1 was also
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enriched in LB fractions prepared from adult mouse lung tissue
(Fig. 1D). We conclude that ATP8A1, like ABCA3, localizes pre-
dominantly to LBs in both human and mouse AT?2 cells.

We wondered whether ATP8A1 trafficking to LBs in AT?2 cells,
like LIMP2 (4), requires AP-3. IFM analysis of AT2 cells isolated
from pearl (Ap3bIP°F¢) mice carrying an inactivating mutation
of the Ap3bl subunit of AP-3 (mAT2-pearl) (36) showed that
ATP8AI colocalization with ABCA3 at LBs was reduced com-
pared with mAT2-WT cells (Fig. 1C and SI Appendix, Fig. S1).
Consistently, LB-containing subcellular fractions from pear/ mice
harbored less ATP8AI1 than similar fractions from WT mice, de-
spite similar levels of Azp8al mRNA (Fig. 1D and SI Appendix,
Fig. S1). We therefore concluded that ATP8A1 localizes to
surfactant-containing LBs in an AP-3—dependent fashion.

To investigate the role of AP-3 trafficking of ATPSA1 in AT2
cells in greater detail, we used variants of the AT2-like mouse
lung epithelial (MLE)-15 cell line (37). We previously generated
gene-targeted variants of MLE-15 cells lacking Ap3b1 (MLE15/
AAP3 cells) that reproducibly model primary AT2 cells from
pearl mice (38). We also reported that exogenous expression of
ABCA3, in either WT MLE-15 (MLE15/WT) or MLE15/AAP3
cells, enlarged LBs for improved identification by fluorescence
microscopy (FM) (38). Using FM analyses of transfected MLE15/
WT cells, we found that expressed GFP-ATPSA1 colocalized well
with mCherry-ABCA3 on LB-like organelles (Fig. 24), in good
agreement with our observations in primary AT2 cells (Fig. 1 B
and C), and significantly less well with markers of early endosomes
(RABS, RABI11A, or STX13) and Golgi (GOLGIN97 and GM130)
(Fig. 2B and SI Appendix, Fig. S2). By contrast, colocalization
between GFP-ATPS8A1 and mCherry-ABCA3 was substantially
reduced in MLE15/AAP3 cells, with GFP-ATP8A1 accumulating
in mCherry-ABCA3-negative small cytosolic vesicles and larger
vesicles in the juxtanuclear region. Expression of GFP-ATP8A1
exhibited increased colocalization with early sorting and/or recy-
cling endosome markers RABS, RAB11A, and STX13 and to a
lesser extent with Golgi markers (Fig. 2.4 and B and SI Appendix,
Fig. S2), suggesting that ATPSAL is retained in proximal com-
partments of the secretory pathway in the absence of AP-3. To
determine whether mislocalization of ATPSAl in MLE15/AAP3
cells reflected only the absence of AP3B1, we coexpressed GFP-
ATP8A1, mCherry-ABCA3, and the hemagglutinin (HA)-tagged
AP3B1 subunit (AP3B1-HA) to reconstitute AP-3 (Fig. 2 C and D).
Expression of exogenous AP3B1-HA restored higher colocalization
between GFP-ATP8A1 and mCherry-ABCA3 in MLE15/AAP3
cells (Pearson’s correlation coefficient, GFP-ATP8A1 versus
mCherry-ABCA3: empty vector 0.55 + 0.06, Ap3bl-HA vector
0.77 + 0.6; n = 2 experiments; 15 to 25 cells per group; P < 0.0001;
mean + SD) and stabilized endogenous AP3M1, indicating res-
toration of intact AP-3. We conclude from these data that AP-3 is
required for efficient ATP8ALI trafficking from the early endo-
somal system to LBs.

AP-3-Dependent LB Targeting of ATP8A1 Requires an Acidic
Di-Leucine Motif. The cytosolic AP complexes, AP-1, -2, and -3, ac-
complish protein sorting by binding to accessible targeting signals in
the cytoplasmic domains of transmembrane protein cargoes. Many of
these signals correspond to conserved tyrosine- or acidic
di-leucine-based motifs matching the consensus sequences Yxx¢ or
[D/EJxxxL[L/I] [where x is any amino acid and ¢ is a bulky hy-
drophobic residue (3, 39, 40)]. As illustrated in Fig. 34, we iden-
tified two accessible acidic di-leucine consensus sequences in human
ATP8AL: **ERYELL, predicted to fall within a_cytosolic loop
between transmembrane domains 4 and 5, and ''*>ERAQLL,
predicted to fall within the cytosolic C-terminal domain (41, 42).
Both “ERYELL and """ERAQLL are broadly conserved in
ATP8AL1 orthologs across mammalian species but not in yeast
Drs2 (43-45). Thus, we hypothesized that one or both of these di-
leucine motifs facilitates ATPSA1 binding with AP-3 to foster
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Fig. 1. Loss of AP-3 disrupts LB localization of ATP8A1. (A) Endogenous
ATP8AT1 in primary hAT2 cells. Composite representative immunoblot (n = 6)
of lysates from hAT2 cells and enriched LB isolates from human lung (hLB). (B)
Colocalization of exogenous GFP-ATP8A1 with DC-LAMP/CD208 in primary
hAT2 cells. Isolated AT2 cells transfected to express GFP-tagged ATP8A1 and
myc-tagged CDC50A were immunostained for endogenous DC-LAMP/CD208
and either endogenous SFTPB or Myc. (Scale bar, 10 pm.) (C) Endogenous
ATP8A1 in primary mouse AT2 cells. AT2 cells isolated from C57BL/6 (MAT2-
WT) or Ap3b1PeP¢ (mAT2-pearl) adult mice were immunostained for en-
dogenous ABCA3 and ATP8A1. (Scale bar, 10 um.) (D) ATP8A1 expression in
primary mouse AT2 cells. Representative immunoblot (n = 4) using lysates
from AT2 cells and enriched LB isolates from WT and pear/ mice demonstrating
ATP8A1 and SFTPB expression.

postendosomal targeting. We mutagenized the di-leucines (LL)
of human ATP8ALI to di-alanines (AA), separately and in combi-
nation (subsequently referred to as GFP-ATPSA1-AA1 inactivating
the proximal motif, GFP-ATP8A1-AA2 inactivating the C-terminal
tail motif, and GFP-ATPS8A1-AA12 inactivating both motifs) and
coexpressed them with myc-CDCS0A. When coexpressed in human
embryonic kidney 293 (HEK293) cells, each of the GFP-ATPSA1
protein variants and myc-CDCS0A could be detected in cell ly-
sates by immunoblotting (IB; SI Appendix, Fig. S3), but only GFP-
ATPS8A1-WT and GFP-ATP8A1-AA2 were successfully co-
immunoprecipitated (IP) with myc-CDC50A. Thus, we infer that
S¥ERYEAA likely destabilizes GFP-ATPSA1-AAl and GFP-
ATP8A1-AA12 proteins.

When coexpressed with CDCS0A in MLE15/WT cells and ana-
lyzed by FM, GFP-ATP8A1-AAl and GFP-ATP8A1-AA12 dis-
played a weakly fluorescent, diffuse pattern (Fig. 3B), consistent
with protein destabilization and degradation. By contrast, GFP-
ATP8A1-AA2 expressed well but localized to a juxtanuclear region
and to small cytosolic vesicles that exhibited reduced colocalization
with mCherry-ABCA3 (Fig. 3 B and C). This distribution pattern
resembled that of GFP-ATP8A1-WT in MLE15/AAP3 cells (Fig. 2
and ST Appendix, Fig. S2). Indeed, by IFM analyses, GFP-ATP8AL1-
AA2 in MLE15/WT cells demonstrated the strongest colocalization
with RABI11A (recycling endosomes), and less robust localization to
sorting endosomes (RABS) and pan-early endosomes (STX13;
Fig. 3 C and D and SI Appendix, Fig. S3). By comparison to
Fig. 2B, differences in colocalization of GFP-ATPSA1-WT and GFP-
ATPSA1-AA2 with Golgi markers were less robust and did not reach
statistical significance (Fig. 3C and SI Appendix, Fig. S3). We con-
clude that AP-3—-dependent targeting of ATPSAI1 from early endo-
somes to LBs requires the '""ERAQLL di-leucine-based motif in
the cytosolic tail of ATPSAL.

Di-leucine- and tyrosine-based sorting signals can often display
promiscuous binding to multiple AP complexes (10, 32, 46-49). In
light of prior evidence for AP-1 targeting of Drs2 to the plasma
membrane (50), we tested whether AP-1 might also influence
HNOSERAQLL-dependent trafficking of ATPSAI to LBs. We
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compared the localization of GFP-ATP8A1-WT expressed in
MLE15/WT cells in which AP-1 and/or AP-3 were inactivated by
using gene editing to delete the first exon of ApIyI to disrupt AP-1
(MLE15/AAP1) alone and in combination with Ap34! inactiva-
tion (MLE15/AAP1-AAP3; Fig. 4). By FM, the loss of AP-1 ex-
pression alone in MLE15/AAP1 did not significantly impair
ATP8ALI localization to LBs as assessed by colocalization of GFP-
ATP8A1 with mCherry-ABCA3 (Fig. 4). Whereas loss of AP-3
expression in MLE15/AAP3 significantly reduced colocalization,
additional loss of AP-1 in MLE15/AAP1-AAP3 did not result in
further reduction in colocalization of GFP-ATPS8A1 with mCherry-
ABCA3. We thus conclude that interactions between AP-1 and the
HNOSER AQLL di-leucine motif are unlikely to play a prominent role
in targeting ATPSA1 to LBs.

Like the AP-3-binding acidic di-leucine motifs of LIMP2 (9, 10),
NEF (10), PI4K2A (28), and OCA2 (32), the ATPSA1 ">ERAQLL
sequence features a glutamate in the -4 position relative to the di-
leucine motif. The glutamate in the OCA2 dileucine motif is es-
sential for AP-3 binding and for melanosome targeting (32). To test
whether "%°E in ATP8A1 was required for AP-3-dependent tar-
geting to LBs, we substituted aspartate for ''”E (GFP-ATPS8AI-
E1105D). When expressed in MLE15/WT cells, this single amino
acid substitution resulted in loss of GFP-ATPS8A1-E1105D coloc-
alization with ABCA3-mCherry and enhanced colocalization with
RABI11A, much like di-alanine substitution for the di-leucine in
GFP-ATP8A1-AA2 (Fig. 5). By contrast, substitution of alanine
for the glutamine residue at the -1 position of '"ERAQLL in
GFP-ATP8A1-Q1108A, a position that impacted AP-1 binding in
the OCA2 di-leucine-based signal (32), did not interfere with LB
localization (Fig. 5). Both GFP-ATP8AI1-E1105D and GFP-
ATP8A1-Q1108A expressed well and co-IP with CDC50A when
expressed in HEK cells (SI Appendix, Fig. S4), indicating that
failure of GFP-ATPSA1-E1105D to target to LBs was not due to
either misfolding or failure to bind CDC50A. These data suggest
that sequence features of the ATP8AIl di-leucine-based motif
known to impact AP-3 binding for other proteins are required for
its function in ATP8A1 as an LB sorting signal.
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Fig. 2. GFP-ATP8A1 localizes to a RAB11A-positive compartment in AP-
3-defective MLE15/AAP3 cells. (A) Representative confocal images of
MLE15/WT and MLE15/AAP3 cells expressing exogenous GFP-ATP8A1 and
mCherry-ABCA3 and immunostained for endogenous RAB11A. (Scale bar,
10 pm.) (B) Pearson'’s correlation coefficient acquired from images described
in A and S/ Appendix, Fig. S2, comparing GFP-ATP8A1 to either exogenous
mCherry-ABCA3 or endogenous RAB5, RAB11A, STX13, GOLGIN97, and
GM130 (n = 2; 10 to 20 cells per group; mean + SE). (C) Representative
confocal images comparing GFP-ATP8A1 and mCherry-ABCA3 localization in
MLE15/WT cells and MLE15/AAP3 cells after transfection with HA-tagged
mouse Ap3p41 or empty vector. (Scale bar, 10 pm.) (D) Representative com-
posite immunoblots (n = 3) using cells described in C comparing the ex-
pression of HA, AP3B1, AP3M1, and GAPDH.
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Fig. 3. A C-terminal di-leucine motif, ""°>ERAQLL, confers LB targeting of ATP8A1. (A) Schematic representation of ATP8A1 and CDC50A protein topology
[adapted from ATP8A2 in Coleman et al. (41) and refined by Hiraizumi et al. (42)] and strategy used for mutagenesis (LL = di-leucine; AA = di-alanine). (B)
Representative confocal images of MLE15/WT cells expressing mCherry-ABCA3, and WT GFP-ATP8A1-WT or mutagenized GFP-ATP8A1 (AA1 53°ERYEAA;
AA2 "OSERAQAA; AA12 >39ERYEAA + ""°*ERAQAA) as described in A. (Scale bar, 10 um.) (C) Pearson’s correlation coefficients acquired from images of MLE15/
WT cells described in B and D, and in S/ Appendlix, Fig. S3), comparing colocalization of GFP-ATP8A1-WT or GFP-ATP8A1-AA2 with organelle markers (n = 2
experiments; 15 to 20 cells; mean + SE). (D) Representative confocal images of MLE15/WT cells expressing mCherry-ABCA3 and GFP-ATP8A1-AA2, and

immunostained for RAB11A. (Scale bar, 10 pm.)

AP-3 Trafficking of ATP8A1 Is Facilitated by """*ERAQLL Interaction
with AP-3. Despite the sequence similarity of ''”ERAQLL to
other AP-3-binding motifs and the similar requirements for AP-
3 in ATP8A1 trafficking from early endosomes to LBs, we were
unable to detect a physical interaction between the ATP8AL1 cy-
toplasmic domain and the di-leucine motif-binding 8/63 hemi-
complex of AP-3 using a sensitive yeast 3-hybrid (Y3H) assay (S
Appendix, Fig. S5). Therefore, to test whether ATPSA1 and AP-3
are in close proximity within cells, we performed proximity ligation
assays (PLAs) in MLE1S cell variants expressing GFP-ATPSA1-
WT or GFP-ATP8A1-AA2. The antibodies to the p subunit of
endogenous AP-3 (AP3M1) and to the GFP tag of GFP-ATPSA1
were near enough to enable rolling circle amplification of modified
secondary antibodies, incorporating Alexa-594-labeled nucleotides
into aggregates that are detected by FM, while GFP-ATP8A1
aided in the identification of transfected cells. In MLE15/WT cells
expressing GFP-ATPSA1-WT (Fig. 6), PLA produced numerous
cytoplasmic puncta (53 + 15 puncta/cell, n = 29 cells, mean + SD).
The distribution of PLA products was widespread and was
not restrained to the immediate area around GFP-ATP8A1-
WT-positive LBs, consistent with localization of PLA products near
transport vesicles. By contrast, many fewer fluorescent PLA prod-
ucts (27 + 8 puncta/cell, n = 32 cells) were observed in MLE15/
WT cells expressing GFP-ATPSA1-AA2, implying reduced associ-
ation between GFP-ATP8A1-AA?2 and endogenous AP-3. MLE15/
AAP3 cells expressing GFP-ATP8A1-WT served as negative con-
trols, as disruption of the AP-3 complex results in loss of expression
of all AP-3 subunits (as seen in Fig. 44), and yielded very few
fluorescent PLA products (8.8 + 4.4 puncta/cell, n = 33 cells). These
data suggest that the ‘puncta observed in MLE15/WT cells
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expressing GFP-ATP8AL1 represent sites of AP-3/ATP8A1 inter-
action en route to LBs, likely in transport carriers emerging from
early endosomes.

Retention of ATP8A1 in RAB11A-Positive Endosomes Increases Cytosolic
Exposure of PtdSer and Activates YAP in MLE15/AAP3 Cells. ATP8A1 is
expressed constitutively on recycling endosomes in many cell lines
(19), where it flips PtdSer from the exofacial to the cytofacial leaflet
of membranes (19, 51, 52). Recent studies indicate that ATPSA1-
dependent accumulation of PtdSer in the cytofacial leaflet of
recycling endosome membranes in Cercopithecus aethiops kidney
(COS-1) and HEK293 cells promotes signaling by YAP, a tran-
scription coactivator of the Hippo pathway (23). We therefore
wondered whether PtdSer is enriched in endosome membranes
and whether YAP signaling is enhanced in AP-3—deficient AT2
cells expressing endosomal ATP8A1, compared with WT AT2
cells in which ATP8AL is largely localized to LBs at steady state.

We first tested whether mistargeting of endogenous ATPSA1
in MLE15/AAP3 cells alters cytofacial PtdSer distribution. We
expressed the cytoplasmic PtdSer biosensor GFP- or mCherry-
LactC2 (53) in MLE15/WT and MLEI15/AAP3 cells and ana-
lyzed cells by live cell imaging (Fig. 74 and SI Appendix, Fig. S6
and Movies S1-S8). In MLE15/WT cells, GFP-LactC2 localized
preferentially to LB-limiting membranes, overlapping with
mCherry-ABCA3, and to the plasma membrane (Fig. 74). By
contrast, in MLE15/AATP8A1 cells lacking ATP8A1 (Fig. 7A4),
the fraction of mCherry-ABCA3-containing LBs labeled by GFP-
LactC2 was dramatically reduced, as was binding of GFP-LactC2
to the plasma membrane. This suggests that cytofacial PtdSer
accessible to GFP-LactC2 at the LB-limiting membrane and
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plasma membrane is largely, though not completely, dependent
on endogenous ATP8AL1 expression and targeting to these sub-
cellular sites. GFP-LactC2 association with LBs was reduced in
AP-3-deficient MLE15/AAP3 cells, whereas mCherry-LactC2
association with GFP-Rabl1A-positive compartments was sub-
stantially increased (SI Appendix, Fig. S6). Unlike MLE15/WT cells
that demonstrated binding of GFP-LactC2 to both plasma mem-
brane and LBs, loss of AP-3 reduced binding of GFP-LactC2 to
only LBs in MLE15/AAP3 cells, but not to the plasma membrane,
suggesting divergence of postendosomal ATP8A1 trafficking in
AT2 cells. Colocalization between mCherry-LactC2 and GFP-
RAB11A was greatly diminished in cells lacking both AP-3 and
ATP8A1 (MLE15/AAP3-AATPSAL cells; SI Appendix, Fig. S6),
indicating that PtdSer accumulation on RAB11A-containing
structures in AP-3-deficient cells requires ATPSA1. Importantly,
inactivation of Ap3bl and/or Afp8al in MLE15 cells had no im-
pact on the expression or localization of mCherry-ABCA3 or
GFP-RAB11A. Together, these findings demonstrate that loss of
AP-3 results in an ATP8A1-dependent shift in PtdSer enrichment
from LB-limiting membranes to endosomes, notably in RAB11A-
positive endosomes.

To assess whether increased PtdSer accumulation on RAB11A-
containing compartments in AP-3-deficient AT2 cells leads to
YAP activation, we exploited the fact that YAP phosphorylation
(p-YAP) at Ser'?” promotes binding to 14-3-3 proteins and YAP
sequestration in the cytosol, thereby reducing levels of nuclear
YAP and consequent transcription of YAP target genes (54-56).
We found that the expression of p-YAP relative to total YAP in
MLE15/AAP3 was decreased compared to MLE15/WT cells
(Fig. 7B), suggesting that unphosphorylated YAP and YAP ac-
tivity are increased in MLE15/AAP3 cells. Consistent with previ-
ous observations (23), YAP activity in both MLE15/WT and
MLE15/AAP3 cells was ATP8A1-dependent, as indicated by an
increase in p-YAP relative to total YAP in lysates of both MLE15/
AATPSA1 and MLE15/AAP3-AATP8AL (Fig. 7B). Importantly,
we observed significant changes in YAP signaling despite reduc-
tion in endogenous ATPS8A1 expression in MLE15/AAP3 cells
compared with MLE15/WT cells. The mRNA expression of gene
targets of YAP signaling, including Ajuba, Ankrdl, Axl, and Birc5,
paralleled changes in YAP activation, with increased expression of
YAP targets in MLE15/AAP3 cells and normalized expression in
MLEI15/AAP3-AATP8AL cells. To determine whether YAP

A __wmess B
AAPT z
ss0kp- WT AAP3 AAP1 AAP3 o
AP3B1 =
S0KD-
- APIM1
100kD- o
= AP1G1
75kD- B
- o w9 GAPDH [
-
S
C — p<.0001 -
( g
ﬁ o] B2 ST 3
£ |%W _} 5
S g & {‘ 4 =
Iy H :
= O o ;
2°
5 o
[-%

MLE15/
AAP1-AAP3

MLE15: WT AAP1AAP3 AAP1
AAP3

Fig. 4. AP-3 is the dominant AP complex used to target ATP8A1 to LBs. (A)
Representative composite immunoblot (n = 3) of lysates from MLE15/WT,
MLE15/AAP3, MLE15/AAP1, and MLE15/AAP1-AAP3 cells. (B) Representative
confocal images of MLE15/WT, MLE15/AAP3, MLE15/AAP1, and MLE15/
AAP1-AAP3_cells_expressing_ mCherry-ABCA3_and_GFP-ATP8A1-WT. (Scale
bar, 10 um.) (C) Pearson’s correlation coefficients acquired from images
described in B (n = 2; 10 to 20 cells per group, mean + SD).

Kook et al.

AP-3-dependent targeting of flippase ATP8A1 to lamellar bodies suppresses activation of

YAP in alveolar epithelial type 2 cells

activation and downstream signaling alters MLE15 cell behavior,
we examined the response of MLEILS cell variants to scratch
wounding (SI Appendix, Fig. S7). MLE15/AAP3 cells closed a
scratch wound faster than MLE15/WT cells, and loss of ATP8A1
slowed wound closure for both MLE15/WT and MLE15/AAP3
cells. Proliferation as assessed by bromodeoxyuridine (BrdU) in-
corporation was not different in MLE15/WT cells or variants. To-
gether, these data support the conclusion that increased ATP8A1
residence on RAB11A-positive endosomes in MLE15/AAP3 cells
contributes to enhanced YAP activity, YAP-dependent downstream
signaling, and cell migration.

To validate that PtdSer exposure resulting from the flippase
activity of ATP8A1 in RAB11A-positive endosomes is necessary
and sufficient to stimulate YAP signaling in MLE15/AAP3 cells,
we assessed whether a flippase-dead form of ATP8A1 would sup-
port YAP activation. Using AP-3— and ATP8A1-deficient MLE15/
AAP3-AATP8AL cells, we expressed either GFP-ATPSA1-WT or
GFP-ATP8A1(E191Q), which is unable to hydrolyze ATP and flip
PtdSer (19) (Fig. 7C). Expression of GFP-ATP8A1-WT decreased
the phosphorylation of YAP and increased expression of YAP gene
targets, whereas expression of the ATPase defective GFP-ATPSA1-
E191Q had little or no impact, relative to GFP alone, on p-YAP or
target transcription in MLE15/AAP3-AATP8AL1 cells. These data
indicate that ATP8AL flippase activity is required for the AP-
3—dependent decrease in YAP activation in MLE15/AAP3-
AATP8A1 cells. To determine whether restoration of AP-3 func-
tion would also normalize YAP signaling in MLE15/AAP3 cells in
addition to restoring trafficking of ATPSA1 to LBs (as shown in
Fig. 2C), we examined YAP signaling in MLE15/AAP3 cells
expressing AP3B1-HA. Reconstitution of AP-3 function upon ex-
pression of AP3B1-HA resulted in decreased YAP activation in
MLE15/AAP3 cells, specifically increased p-YAP levels and de-
creased expression of Ajuba, Ankrdl, Axl, and Birc5 mRNA (SI
Appendix, Fig. S8). Taken together, these studies demonstrate
that ATP8A1 retention in RAB11A-positive endosomes of
MLE15/AAP3 cells promotes YAP signaling mediated by PtdSer
exposure resulting from ATP8AL flippase activity.

To test whether our observations using MLE15 cells reflected
the biology of AP-3—deficient lung tissue, we investigated whether
YAP activation was evident in the distal lungs of pear! mice with a
mutation in Ap3bI. We found that AT2 cells isolated from the
lungs of 8- to 10-wk-old pearl mice expressed increased Ajuba,
Ankrdl, Axl, and Birc5 mRNA relative to cells isolated from WT
mice (Fig. 84), suggesting increased activation of YAP in AP-
3—deficient AT2 cells. Examination of lung sections from 8- and
16-wk-old mice using IFM showed increased numbers of SFTPC-
positive AT2 cells in pearl lungs as previously described (57).
Importantly, we found increased numbers of SFTPC-positive AT2
cells expressing nuclear AJUBA in pearl lungs relative to WT
lungs, suggesting increased YAP activation in AT2 cells of pearl
mouse lungs. We also noted that total SFTPC-positive AT2 cells
and dual-positive AJUBA/SFTPC positive cells increased with age
in the lungs of pearl mice relative to lungs of WT mice (Fig. 8 B
and C). We conclude that our findings of YAP activation and
downstream signaling in MLE15/AAP-3 cells are recapitulated
in vivo in the lung epithelium of HPS2 model mice.

Discussion

The most lethal complication experienced by patients with HPS
is pulmonary fibrosis. Alveolar epithelial cell injury is central to
the pathogenesis of pulmonary fibrosis (58), and evidence that
injured AT?2 cells initiate aberrant fibrotic responses is especially
strong in HPS (5-8). Interstitial lung disease with pulmonary
fibrosis is highly penetrant in HPS patients lacking AP-3 or
BLOC-3, including patients with HPS2 due to mutations of
AP3BI (8, 59), but the mechanisms by which loss of AP-3 con-
tributes to the pathogenesis of pulmonary fibrosis in HPS2 pa-
tients have been elusive. Here, we demonstrate that membrane
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Fig. 5. Preference for Glu at position -4 relative to the di-leucine of
T19SERAQLL contributes to LB targeting by AP-3. (A) Representative confocal
images of MLE15/WT cells expressing mCherry-ABCA3, and WT GFP-ATP8AT1,
GFP-ATP8A1-AA2, GFP-ATP8A1-E1105D, or GFP-ATP8A1-Q1108A, and
immunostained for endogenous RAB11A. (Scale bar, 10 pm.) (B) Pearson’s
correlation coefficient acquired from images described in A (n = 2; 15 to 20
cells per group, mean + SD).

protein ATP8AL1 is trafficked to LBs in AT2 cells in an AP-
3—dependent manner using an acidic di-leucine motif within the
cytoplasmic C-terminal tail. Disruption of ATP8ALI interactions
with AP-3, via either loss of the AP-3 complex or mutation of the
ATP8A1 acidic di-leucine motif, results in ATP8A1 retention
and accumulation in early sorting and recycling endosomes.
Because ATPSAL is a flippase, its retention in endosomes alters
the local membrane composition by enriching PtdSer in the cy-
tosolic leaflet. As a result, increased functional ATP8AL1 in early
endosomes in AP-3—deficient AT2 cells, but not LB ATP8A1 in
WT AT2 cells, is able to augment YAP signaling. Together,
these findings emphasize the importance of AP-3 as a mediator
of LB trafficking in AT2 cells, place the sorting and recycling
endosomes as critical upstream organelles in the biogenesis of
LBs, and provide a primary mechanism whereby genetic dis-
ruption of AP-3 may alter alveolar epithelial cell homeostasis
through a toxic gain-of-function of a critical cargo. Further
studies will be necessary to assess the impact of YAP signaling
due to disrupted ATP8A1 trafficking in HPS2 on the complex
process of fibrotic alveolar repair and to address how our find-
ings integrate with other mechanisms implicated in the patho-
genesis of HPS2-associated pulmonary fibrosis (7, 8).

When compared with other LROs, trafficking of membrane
proteins to LBs has been understudied. We previously reported
the AP-3 dependency of LIMP2, a lysosomal protein also tar-
geted to LB in AT?2 cells using a well-described dileucine motif
(4). Transmembrane proteins ABCA3 and DC-LAMP are targeted
to LB at steady state and served as comparators in our present
studies. DC-LAMP has a candidate tyrosine-mediated targeting
motif—YQRI—that conforms to other tyrosine-mediated AP-3
sorting signals but has not been investigated to date (3, 39, 40). We
specifically focused on ABCA3 for comparisons of LB colocalization
because ABCA3 utilizes an N-terminal xLxxKN motif for exiting the
Golgi (60) but no cytosol-exposed candidate di-leucine—or tyrosine-
based sorting signals that could mediate LB targeting (60). Impor-
tantly, we previously demonstrated that ABCA3 retains LB targeting
in the absence of BLOC-1, -2, -3, or AP-3 in MLE-15 cells, making
ABCA3 a reliable LB marker for trafficking membrane proteins to
LBs (38). Together, colocalization between ABCA3 and ATPSAL in
mouse AT2 cells, loss of colocalization in AP-3—deficient AT2 cells,
and candidate di-leucine motifs with strong homology to other
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AP-3-binding consensus sequences suggested the potential for AP-3
targeting of ATPSAL to LBs, as in our prior studies of LIMP2 (4).

The acidic di-leucine motif """ ERAQLL in the C terminus of
ATPSAL1 satisfied criteria for an AP-3 binding motif based on evi-
dence from other AP-3 cargo proteins targeted to lysosomes and
LROs (9, 10, 28, 31, 32, 49, 61). Importantly, ATPSA1 targeting to
LBs—but not binding to its chaperone CDC50A—was disrupted by
mutagenesis of key amino acid positions in "ERAQLL. Whereas
ATP8A1 and CDC50A form extensive intermolecular interactions
that span the cytoplasmic and luminal membrane leaflets, the
NOSER AQLL motif resides in a disordered region of the cytoplas-
mic C terminus, L% through K5, that is free from interaction
with CDC50A, likely facilitating access to AP-3 (42). We found that
AP-3 and the ""ERAQLL motif of ATPSA1 were spatially close
using a proximity ligation assay, and cytosolic PLA reaction prod-
ucts, likely adjacent to transport vesicles in MLE15/WT cells, were
greatly reduced either by mutation of the 'ERAQLL di-leucine
motif or by inactivating Ap3bI1 in MLEI1S5 cells. However, we
were unable to demonstrate direct interaction between AP-3
and ATP8ALI using a sensitive Y3H assay. There are several
potential explanations for this. The intermolecular relationships
within the L' through K'''* disordered region of ATPSA1
remain elusive, and as a result, it is not possible to determine
how changes in the position of the flanking autoregulatory do-
main in response to nucleotide and/or PtdSer binding might af-
fect the availability of the ' ERAQLL motif. It is also difficult
to predict how expressing the ATPSA1 disordered region alone
in the Y3H assay impacts protein conformation, or whether
binding with CDC50A may be important for di-leucine motif
exposure. Furthermore, we suspect that posttranslational modi-
fications are necessary for the AP-3/ATP8AL interaction. While our
studies demonstrate that ' ERAQLL is constitutively active like
most di-leucine-based sorting signals, the presence of a favorable
phosphorylation site in close proximity [PhosphoSitePlus (62); site
group ID 4712266] suggests that dynamic phosphorylation may
impact AP recognition and/or function (61, 63, 64).

Our studies support the growing evidence that membrane con-
stituents of maturing LROs derive from the early endosomal system
(65). Melanosomes mature from precursors derived from multi-
vesicular endosomes (3), and prior studies indicate that this is also
true for LBs (66-68). Melanosomes mature by delivery of enzymes
and transporters that foster melanin synthesis from tubular and
vesicular early endosomal intermediates whose formation, cargo-
sorting function, and targeting require AP-3 and BLOCs (3). AP-
3 deficiency impairs melanosome targeting and fosters endosomal
retention of a subset of cargo proteins, contributing to reduced
pigment deposition (31, 32, 69). We now show that AP-3 in AT2
cells captures ATP8AL1 into transport carriers from early endosomes
for delivery to LBs and that ATP8AIl remains within the early
endosomal system in the absence of AP-3. We also noted overlap of
GFP-ATP8A1 in Golgi compartments of cells lacking AP-3 and less
dramatic overlap between Golgi markers and GFP-ATPSA1-AA2
expressed in MLE15/WT cells. While consistent with prior work
demonstrating Golgi/trans Golgi network trafficking for ATPSA1
and other P4 ATPases in other mammalian cells (19, 20, 41, 70, 71),
our observations of Golgi overlap may be due to Golgi membranes
and early endosomes in close proximity in the perinuclear region
that may be confounding our analysis. Another possible explanation
is potential recycling of ATP8A1 between endosomes and Golgi in
AP-3—deficient cells, as described for TYRP1 in BLOC-2-deficient
melanocytes (72). ATP8A1 accumulation in early endosomes in
AP-3—deficient cells occurs even though steady-state levels of en-
dogenous ATPSAL in MLE15/AAP3 cells tended to be lower than
in MLE15/WT cells by IB (Fig. 7B). This contrasts with the be-
havior of TYR in AP-3—deficient melanocytes, which largely accu-
mulates on intraluminal vesicles of multivesicular endosomes and is
efficiently targeted for degradation (31). Together, our observations
suggest a unique adaptation of an AP-3 sorting and trafficking
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Fig. 6. GFP-ATP8A1 and AP-3 are closely associated with LB-like organelles
in MLE15/WT cells. (A) Representative confocal images of proximity ligation
assays using MLE15WT or MLE15/AAP3 cells expressing exogenous GFP-
ATP8A1-WT or GFP-ATP8A1-AA2. (Scale bar, 10 um.) Arrowheads identify cy-
tosolic PLA reaction products, and arrows indicate PLA products adjacent to
organelles expressing GFP-ATP8A1-WT or GFP-ATP8A1-AA2. Cells were also
transfected to express untagged ABCA3 thereby enhancing LB volume for
identification. (B) Quantification of AlexaFluor594-positive PLA reaction
products in cells described in Fig. 5A (n = 2; 15 to 20 cells; mean + SD).

mechanism for ATPSA1 in AT2 cells that defaults to early endo-
somes, and perhaps Golgi, when AP-3 trafficking is disrupted.

Our studies did not address the role of ATPSA1 at the LB. As
PtdSer is a component of exosomes in many cell types (73, 74), it
is likely that internal luminal vesicles of multivesicular endosome
LB precursors may contribute PtdSer to LB lamellae. However,
PtdSer is a membrane phospholipid that contributes <10% to se-
creted surfactant phospholipids (75-77). Although recent evidence
suggests that LB lamellae attach to the LB limiting membrane (78),
there is no evidence for membrane continuity that would enable
ATP8AL1 to flip Ptd-Ser from internal LB lamellae to the cytofacial
membrane of LBs. A more likely role of ATPSAL1 flippase activity is
in preparation of LBs for exocytosis. PtdSer enrichment by the
family of P4 ATPases across the secretory pathway is well described
(12, 17), and silencing of flippases impairs insulin secretion
from pancreatic beta cells (79). Recent studies using AT?2 cells
derived from induced pluripotent stem cells from an HPS2 patient
demonstrated reduced surfactant secretion from LBs (80). Further
studies are necessary to determine whether loss of ATPSAL flippase
function from AT2 cells reduces LB secretion.

We and others have implicated AT2 cell injury in initiating
and amplifying aberrant fibrotic repair in HPS2 and the pearl
mouse model (5-8, 57, 81-83), but to date no plausible mecha-
nism has explained how loss of AP-3 contributes directly to AT2
cell injury. While our data do not exclude an important loss of
ATP8A1 function at LBs in AP-3 deficiency, our studies show
that ATPSA1 on endosomes results in a toxic gain-of-function
model that may contribute to aberrant fibrotic repair. We now
find that YAP activation in AP-3-deficient MLE15 cells requires
ATP8AL flippase function in endosomes. Our cell culture ob-
servations were corroborated by experiments using primary AT2
cells and distal lung tissue from control and AP-3—deficient pear!
mice, averting concerns that aberrant YAP activation in these
cell culture models biased our findings (84, 85). Furthermore,
expression of four well-known YAP target genes (4juba, Ankrdl,
Axl, Birc5) was increased in response to AP-3 deficiency in both
MLE15 and primary AT2 cells. Of these, Ajuba stood out as a
YAP transcriptional target that may have particular significance
in the setting of HPS2.
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A consistent feature in patients with HPS-associated fibrosis
and their corresponding mouse models is AT2 cell hyperplasia
(57, 86-89). While critical for surfactant homeostasis, AT2 cells
also serve as regional progenitor cells for alveolar type 1 (AT1)
cells during lung development or in response to alveolar epithelial
cell loss (90, 91). Recent evidence suggests that the Hippo/YAP
pathway regulates the restoration of epithelial continuity after
alveolar injury (92-95). As expected from prior observations (57),
we found more SFTPC-positive AT2 cells in pear! lungs than
control lungs, and the difference increased with age. We found
increased numbers of AT2 cells exhibiting nuclear ATUBA in pear!
lungs, suggesting that YAP activation may be a driver of the AT2
cell hyperplasia associated with HPS2-related pulmonary fibrosis.
We also found that YAP activation stimulated migration of
MLE15/AAP3 cells in an ATP8A1-specific fashion. A reliable
reporter of YAP activation, AJUBA mediates aspects of prolif-
eration, migration, and differentiation that are relevant to the
pathogenesis of pulmonary fibrosis (25, 96-98). Taken together,
our findings add to the growing complexity of YAP signaling in
repair of the alveolar epithelium, warranting further investigation
of how dysregulated YAP signaling in the setting of AP-3 defi-
ciency contributes to fibrotic alveolar repair.

Materials and Methods

Cell Lines. MLE-15 cells (RRID:CVCL_D581) were originally obtained from
Jeffrey Whitsett, Cincinnati Children’s Hospital Medical Center, Cincinnati,
OH, and have been described (37). MLE-15 cells were cultured in HITES
medium, comprising DMEM/F12 (Thermo Fisher Scientific), supplemented with
10% fetal bovine serum (Corning Life Sciences), 2 mM L-Glutamine (Thermo
Fisher Scientific), 10 mM Hepes (Thermo Fisher Scientific), 0.005 mg/mL insulin,
0.005 mg/mL transferrin, 5 ng/mL selenious acid (ITS premix, Corning Life Sci-
ence), 10 nM hydrocortisone (Sigma-Aldrich), 10 nM p-estradiol (Sigma-Aldrich).
Absence of mycoplasma in MLE-15 cell cultures was verified with the LookOut
Mycoplasma PCR Detection Kit (Sigma). HEK293 cells (RRID:CVCL_0045) were
obtained from American Type Culture Collection and cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum (Corning
Life Sciences). All cells were grown in media that included 1% Antibiotic-
Antimycotic (Thermo Fisher Scientific) and were incubated at 37 °C and 5%
CO, unless stated otherwise.

Antibodies. Monoclonal antibodies were procured as follows: ABCA3
(ab23751, 3C9), AP3M1 (ab201227, EPR16385), GFP (ab1218, 9F9.F9) from
Abcam; ABCA3 (WMAB-ABCA3-13, 13-H2-57) from Seven Hills Bioreagents;
Adaptin y (610385, Clone88) and GM130 (610822, Clone35) from BD Biosci-
ence; DC-LAMP (IM3448, Clone 104.G4) from Beckman Coulter Life Sciences;
GAPDH (39-8600, Clone ZG003) from Thermo Fisher Scientific; Golgin-97
(13192, D8P2K), HA-Tag (2367, 6E2), HA-Tag (3724, C29F4), Myc-Tag (2278,
71D10), Myc-Tag (2276, 9B11), Rab5 (3547, C8B1), Rab11 (5589, D4F5), YAP
(12395, 1A12) and p-YAP (Ser127) (13008, D9W21) from Cell Signaling
Technology; KDEL (SPA-827, 10C3) from Stressgen Bioreagents. Polyclonal
antibodies were procured as follows: Ajuba (4897) and HSP60 (4870) from Cell
Signaling Technology; ATP8a1 (21565-1-AP) from Proteintech; GFP (ab290) and
Pro and Mature SFPTB (ab40876) from Abcam; HPS2 (GTX113878) from GeneTex;
Mature SFPTC (N/A) from Seven Hills Bioreagents; Syntaxin13 (a gift from
M. Marks, The Children’s Hospital of Philadelphia, Philadelphia, PA); Vamp4 (a
gift from A. Peden, Department of Biomedical Science, University of Sheffield,
Sheffield, United Kingdom). Alexa Fluor 488-, 594-, 647-conjugated goat anti-
rabbit and anti-mouse or donkey anti-rabbit and anti-mouse were obtained
from Jackson ImmunoResearch. IRDye 680LT Donkey anti-rabbit or anti-mouse
Immunoglobulin G (IgG) secondary antibody and IRDye 800CW Goat anti-
rabbit or anti-mouse IgG secondary antibody were purchased from LI-COR.

Generation of CRISPR Knockout Cell Lines. Generation of CRISPR knockout
MLE-15 cell lines was accomplished as previously described (38). The CRISPR/
Cas9 with T2A-puromycin coexpression vector, pSpCas9(BB)-2A-Puro (pX459)
vector was purchased from Addgene (plasmid no. 48139). The CHOPCHOP
online webtool (https://chopchop.rc.fas.harvard.edu) was used for sgRNA
design. Cloning of sgRNA into pX459 was performed following a modified
single-step digestion-ligation protocol from the Zhang laboratory, available
online at http://genome-engineering.org. Oligos containing guide sequence
and Bbsl ligation adaptors were synthesized by Eurofins. Annealing of oligos
was followed by simultaneous digestion and ligation of the annealed oligo
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and pX459 vector, followed by transformation into chemically competent
DH5a« cells. SI Appendix, Table S1 lists the single-guidance RNA sequences
used to generate plasmids for each novel MLE-15 knockout cell line devel-
oped herein as well as flanking genomic PCR primers used in screening and
sequencing of genomic PCR and reverse transcription-polymerase chain re-
action (RT-PCR) products. Parental MLE-15 cells were transfected using
nucleofection using the Amaxa Cell Line Nucleofactor Kit T (VCA-1002) and
the Nucleofector Il device with the x005 cycle (Lonza). Media supplemented
with 5 pg/mL puromycin were added 24 h after transfection to select for
positive clones over a 3-d period. After a 3-d recovery period, transfected
and selected cells were trypsinized and plated as single cells into 96-well
plates to expand clones for validation.

DNA Constructs. The following plasmids were obtained for use in these
studies: GFP-LactC2 and mCherry-LactC2 were gifts from Gregory Fairn (18);
GFP-Rab11A (99) was a gift from James R. Goldenring, Vanderbilt University
Medical Center, Nashville, TN; pEGFP-Atp8al and pcDNA-Myc-Cdc50a (19)
were gifts from Hiroyuki Arai, Department of Health Chemistry, Graduate
School of Pharmaceutical Sciences, University of Tokyo, Tokyo, Japan.
pIRES2-EGFP-Atp8a1-Myc-Cdc50a was generated as follows: Myc-Cdc50a
was amplified by PCR with pcDNA-Myc-Cdc50a using the following primers:
5-GGCCACAACCATGGAGCAGAAGCTGATC-3' (Myc-Cdc50a; sense primer,
BstX1 site is underlined) and 5'-GTCGCGGCCGCTTAAATGGTAATGTCAGC-3’
(Myc-Cdc50a; antisense primer, Notl site is underlined). The product encoding
Myc-Cdc50a was introduced into pIRES2-EGFP (Clontech) after EGFP coding
region was excised using BstXl and Notl restriction endonucleases to gener-
ate pIRES2-Myc-Cdc50a, and EGFP-ATP8A1 was subsequently cloned into
pIRES2-Myc-Cdc50a at Nhel and Smal to create pIRES2-EGFP-Atp8a1_Myc-Cdc50a.
Point mutations changing di-leucines to di-alanines in conserved ExxxLL motifs
were targeted as shown in Fig. 3. Point mutations were constructed by a two-
step PCR method using primers indicated in S/ Appendix, Table S2 with Plati-
num Hot Start PCR Master Mix (Invitrogen) using pIRES2-EGFP-Atp8a1_Myc-
Cdc50a as the template. The ATP8A1-AA1 and AA2 fragments synthesized by
mutagenic two-step amplification of the pIRES2-EGFP-Atp8a1_Myc-Cdc50a
template were subcloned into pIRES2-EGFP-ATP8A1_Myc-Cdc50a using EcoRl/
Sbfl for AA1 and Sbfl/Smal for AA2. pmCherry2-N1-ABCA3 has been previously
described (38). HA-tagged Ap3b1 was constructed by amplifying the Ap3b1 C
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terminus by PCR from pCMV-SPORT6-mAp3b1 (Transomic Technologies, Inc),
while also adding Bglil and Notl restriction sites at the 5’ (5'-TTCTAGATCTGG
ACGACTTTA-3') and 3’ ends (5-CTCTAGAGCGGCCGCCCTTTTITTITTTT-3'), re-
spectively. HA tag, an additional Stul restriction site, and stop codon were
subsequently added by PCR using a distinct forward primer (5 TTAAGCGTA-
ATCTGGAACATCGTATGGGTAAAGAGGCCTAGTCCCCTGGGACAGGACAGGCTT-
CAG-3’) and the same reverse primer. The PCR product was directionally
subcloned into Bglll and Notl restriction sites of pCMV-SPORT6-mAp3b1.

Human Primary Lung Epithelial Cell and LB Isolation. Second-trimester human
lung tissues provided to us by our collaborator Laura Goetzl were deiden-
tified prior to shipping. Human lung epithelial cells were isolated as previ-
ously published (4) in keeping with protocols approved by the Vanderbilt
University Institutional Review Board. Explanted lung tissue was cultured for 5 d
in 10 nM dexamethasone (Sigma-Aldrich) and 0.1 mM each of 8-Bromo-cyclic
adenosine monophosphate (8-Br-cAMP) (Sigma-Aldrich) and isobutyl methyl-
xanthine (Sigma-Aldrich) to enhance LB maturation (100). LB fractions were
isolated from lung homogenates of explanted tissues via upward flotation
through a sucrose step-gradient as previously described (101). Preparation of
primary AT2 cells from human lung was carried out as previously described (100).

Animals. WT C57BL/6) and Ap3b1P€/Ap3b1P¢ (pearl) were bred and main-
tained at the Laboratory Animal Facility at Vanderbilt University Medical
Center as previously described (4). All animal protocols were reviewed and
approved by the Institutional Animal Care and Use Committees of Vander-
bilt University Medical Center and adhered to the principles of the National
Institutes of Health Guide for the Care and Use of Laboratory Animals (102).
Both male and female mice were used between 8 and 10 wk of age. Prep-
aration of paraffin-embedded lung tissue was described previously (83)

Mouse Primary Lung Epithelial Cell and LB Isolation. Enriched LB fractions were
obtained from postlavage, freshly prepared mouse lung homogenates via
upward flotation through a sucrose step-gradient as described above. Additional
lung homogenates used for biochemical analyses were generated from flash
frozen lung tissue after lavage as previously described (83). Preparation of pri-
mary AT2 cells from mouse lung was carried out as previously described (4).
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Fig. 8. YAP activation in AT2 cells of pear/ mice. (A) RT-qPCR using mRNA
from AT2 cells of WT and pearl mice for Ajuba, Ankrd1, Axl, Birc5 (n = 3; box
and whiskers plot showing minimum, 25th percentile, median, 75th per-
centile, and maximum). (B) Analysis of IFM shown in C of lungs from WT and
pearl mice at 8 and 16 wk of age. HALO image analysis software was used to
count all nuclei (DAPI-positive) and all AT2 cells (SFTPC-positive). Graphic
representation of SFTPC+ AT2 cells (Left) and SFTPC+/nuclear AJUBA+ AT2
cells (Right), both as a percentage of total DAPI-positive nuclei (n = 10
nonoverlapping 40x fields of lung sections from 3 mice per group). (C)
Representative images of lungs from WT and pearl/ mice at 8 wk of age
immunostained for SFTPC (green) and AJUBA (red) and costained with DAPI
(blue). Arrows point to cells that exhibit cytosolic SFTPC surrounding DAPI-
positive nuclei that also exhibit nuclear AJUBA. (Scale bar, 50 pm.)

Transfection.

Transfection of MLE-15 cells. MLE-15 cells were transfected using either nucleo-
fector (Lonza) or JetOptimus transfection reagent (Polyplus transfection). Plas-
mid expression was achieved by electroporating 2 x 10° MLE-15 cells with 4 g
of plasmid using the Amaxa Cell Line Nucleofactor Kit T (VCA-1002) and the
Nucleofector Il device with the x005 cycle (all from Lonza). A total of 10° cells
were seeded on 60 mm cell culture dish 1 d before transfection and transfected
using JetOptimus transfection reagent (Polyplus transfection) for plasmids fol-
lowing the manufacturer’s instructions.

Transfection of human primary lung epithelial cells. Human primary lung epithelial
cells were transfected using the Basic Nucleofector kit for Primary Mammalian
Epithelial cells (Lonza, VPI-1005). About 1.0 x 10° cells were resuspended with
2 ug of pIRES2-EGFP-Atp8a1-Myc-Cdc50a plasmid in 100 uL nucleofector re-
agent, nucleofected with Amaxa Nucleofector Il device (M005 cycle; Lonza), and
plated on 10% Matrigel-coated round glass coverslip (Electron Microscopy Sci-
ences) in Waymouth’s media with 10% FBS for 24 h. One day after transfection,
the culture medium was changed with Waymouth’s media with 10 nM dexa-
methasone and 0.1 mM each of 8-Br-cAMP and isobutyl methylxanthine.

Quantitative Real-Time PCR Analysis. Cells (1 x 105 were plated into 60 mm
culture dish and grown for 18 h at 37 °C. Total RNA was isolated using the
Qiagen RNeasy kit (Qiagen), and cDNA was synthesized from 400 ng of total
RNA using SuperScript VILO ¢cDNA synthesis kit (Invitrogen). Quantitative
PCR (gPCR) reactions were performed in triplicate using Tagman gPCR Fast
Advanced Master Mix (Applied Biosystems, Thermo Fisher Scientific) on a
StepOnePlus RT-PCR system (Applied Biosystems) using the following TagMan
probes (Applied Biosystems, Thermo Fisher Scientific): Ajuba Mm00495049_m1,
Ankrd1 Mm00496512_m1, AxI Mm00437221_m1, Birc5 Mm00599749_m1, GAPDH
Mm99999915_g1, and 78S Hs99999901 _s1. Data were normalized to the house-
keeping gene GAPDH and 18S.

IB. Whole cell lysates, lung tissue lysates, and LB-enriched fractions were
fractionated using precast 4 to 12% NUPAGE gels (ThermoFisher Scientific)
and analyzed by immunoblotting as previously described (38). Proteins were
extracted using RIPA lysis buffer (Sigma-Aldrich) with protease inhibitor and
phosphatase inhibitor mixtures. Protein concentration was measured by DC
Protein Assay Kit (Bio-Rad), and samples were taken as follows: 20 pg total
protein from cell lysates, 5 pg from LB lysates, and 80 to 100 pg from cell
lysates after gene-editing to demonstrate the loss of protein expression,
unless otherwise specified in figure legends. Samples were prepared by
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boiling after mixing with NUPAGE LDS sample buffer (4x) and NuPAGE Re-
ducing Agent (10x). After transfer to nitrocellulose membranes (Bio-Rad)
and blocking in Odyssey blocking solution (LI-COR Biosciences), membranes
were probed sequentially primary antibodies and (after rinsing in TBS-T)
with IRDye 800CW donkey anti-rabbit (LI-COR Biosciences 926-32213,
1:15,000) or IRDye 680LT donkey anti-mouse secondary antibody (LI-COR
Biosciences 926-68022, 1:10,000) diluted in Odyssey blocking solution, and
were imaged (after rinsing) with an Odyssey CLx imaging system (LI-COR
Biosciences).

IP. Transfected HEK293 cells were scraped from 100 mm culture plates, col-
lected by centrifugation in phosphate-buffered saline, and resuspended in
the IP buffer (IPB) containing 50 mM Tris-HCl, 2 mM EDTA, 250 mM Nadl,
10% (vol/vol) glycerol, 0.5% Nonidet P-40, 20 mM NaF, 1 mM sodium
orthovanadate, and 10 mM N-ethylmaleimide. Benzamidine and phenyl-
methylsulfonyl fluoride (to final concentrations of 2 mM and 1 mM, re-
spectively) were added immediately before use. Cells were lysed at 4 °C for 1
h, centrifuged to remove debris, and precleared by incubating with 25 to
30 pL of Protein G Agarose for 1 h at 4 °C. Target proteins were IP by in-
cubating supernatant overnight at 4 °C with appropriate antibodies (1 to
2 pg per 60 mm dish) and 20 to 25 pL of Protein G agarose. Beads were
washed three times with IPB, and the proteins were eluted by boiling in
Laemmli SDS buffer for 5 min.

Immunostaining. Cells were plated onto 0.1% Matrigel coated coverslips and
fixed with 4% paraformaldehyde for immunostaining. Primary antibodies
were used in dilution as recommended by manufacturer, followed by species-
specific secondary antibodies. For immunohistochemistry, paraffin-embedded
sections provided by the Vanderbilt Translational Pathology Shared Resource
were deparaffinized and labeled with primary and secondary antibodies (83),
mounted in Prolong Gold (Thermo Fisher Scientific), and analyzed by FM. Where
indicated, cells and tissues were stained with DAPI before mounting for imaging.

PLA. Molecular interaction in vivo between GFP-ATP8A1 and Ap3u1 was
evaluated using the Duolink in situ proximity ligation assay (PLA; Olink
Bioscience; Sigma), as previously described (4). Briefly, MLE15/WT and
MLE15/AAP3 cells transfected with pIRES2-GFPAtp8a1_MycCdc50a and un-
tagged pcDNA3-ABCA3 were cultured onto 0.1% Matrigel coated coverslips
(Electron Microscopy Sciences) and fixed with cold ethanol/acetone mixture
(1:1 in volume). After fixation, cells were washed with cold PBS, followed by
1% Triton X-100 solution in PBS and blocked in a 3% solution of bovine
serum albumin in PBS containing 0.2% Triton X-100. Samples were incu-
bated with primary antibodies against GFP and AP3M1 (1:100 dilution in
0.2% Triton X-100 solution in PBS; GFP MAB3478 mouse monoclonal anti-
body, Millipore; Ap3p1 LS-B3225 rabbit polyclonal antibody, LifeSpan Bio-
Science), rinsed in PBS containing 0.2% Triton X-100, and incubated with
Duolink PLA probes. Unbound Duolink PLA probes were removed by
washing, and the samples were incubated in the ligation solution. Amplifi-
cation was accomplished by applying diluted polymerase and followed by
diluted Duolink detection stock solution for detection of the amplified probe.
After washing, the coverslips were mounted with Duolink mounting medium
and imaged. Each puncta was considered a positive protein/protein inter-
action, and the number per AT2 cell was determined by manual counting
using NIS Elements software.

Fluorescence Image Acquisition and Analysis. Confocal images were acquired
using Nikon Ti2 Spinning disk confocal microscopy equipped with a Yoko-
gawa CSU-X1 spinning disk head, a motorized stage, a camera (Andor DU-
897 EMCCD), 60x or 100x Apo TIRF oil immersion objective (1.49 NA WD 0.12
mm) and NIS-Elements Advanced Research imaging software (Vanderbilt
University Medical Center Cell Imaging Shared Resource). Single-cell images
shown in the figures were processed from large fields using NIS-Elements
Advanced Research imaging software and Photoshop by cropping and
converting to RGB file format and adding scale bars.

Fluorescent image acquisition and analysis of immunohistochemistry was
performed using a Keyence BZ-X800E with BZ-X Viewer software with a 40x
objective (0.95 NA WD 0.25 to 0.17 mm). The images were processed using
BZ-X Viewer software by converting to RGB, generating maximume-intensity
projections, and adding scale bars. Image analysis was performed with au-
tomated HALO image analysis software (INDICA Labs). Total number of DAPI-
positive and AJUBA-positive nuclei were quantified. AT2 cell number was de-
termined by counting DAPI-positive nuclei having SFTPC based on HALO cell
segmentation. AJUBA-positive AT2 cells were assessed as AT2 cells, as quanti-
fied above, having AJUBA-positive nuclei. Both SFTPC-positive AT2 cells and AT2
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cells expressing both SFTPC and nuclear AJUBA were represented as a per-
centage of total DAPI-positive nuclei.

Dual Expression Live Cell Imaging. MLE-15 cells transfected using JetOptimus
transfection reagent were plated on glass-bottom MatTek dishes coated
with 0.1% Matrigel Growth Factor Reduced Basement membrane Matrix
(Corning Life Sciences) and maintained in HITES media with 10% fetal bo-
vine serum in a 37 °C incubator with 5% CO, for 24 h after transfection. All
live-imaging experiments were performed at 37 °C, 5% CO, in normal
growth medium using Nikon Ti2 Spinning disk confocal microscopy equip-
ped with a Yokogawa CSU-X1 spinning disk head, a motorized stage, a
camera (Andor DU-897 EMCCD), 100x Apo TIRF oil immersion objective (1.49
NA WD 0.12 mm) and NIS-Elements software. Time-lapse microscopy was per-
formed by capturing image streams over 1 min at 1 frame/s and collected at
512 x 512 pixels. Still images were derived from the first frame to avoid
photobleaching.

Y3H Assay. The Y3H assay for analysis of ATP8A1 targeting signal binding to
AP-1, AP-2, and AP-3 hemicomplexes was performed essentially as described
(32). Briefly, cotransformation of Saccharomyces cerevisiae strain HF7C with
pBridge and pGADT?7 plasmids was performed by a modification of the lithium
acetate procedure as describe in the Yeast Protocols Handbook from Clon-
tech. HF7c transformants were selected by spreading on Drop Out Base with
Agar (DOBA) plates containing Yeast Nitrogen Base but lacking leucine,
tryptophan, and methionine. For colony growth assays, HF7c transformants
were pooled and spotted in fivefold serial dilutions on duplicate DOBA
plates lacking either leucine, tryptophan, and methionine (+His) or leucine,
tryptophan, methionine, and histidine (-His) and allowed to grow at 30 °C
for 3 to 5 d before photography. Assays were repeated at least three times
with identical results. pBridge plasmids containing the small subunit (c1A,
62, or 63A) of human AP-1, AP-2, or AP-3, respectively, and either the
C-terminal cytoplasmic domain of mouse tyrosinase [positive control; (31)] or
a mutant form of the OCA2 N-terminal domain lacking the three di-leucine-like
motifs [OCA2-AA123N, negative control; (32)] fused to the yeast GAL4 DNA binding
domain, and the pGADT7 plasmids containing fusions of the large subunit (mouse
y1, rat aC, or human &) of AP-1, AP-2, or AP-3, respectively, to the yeast Gal4-
Activation Domain (10) have been previously described. pBridge plasmids contain-
ing the Cterminal cytoplasmic domain of either WT human ATP8AT (aa 1071 to
1164) or the AA2 mutant fused to the yeast GAL4 DNA binding domain and the
small subunit (c1A, 62, or 63A) of human AP-1, AP-3, or AP-3, respectively,
were constructed by PCR amplification of the C-terminal cytoplasmic domain
(residues 1071 to 1164) of human ATP8A1 from pIRES2-EGFP-Atp8al_Myc-Cdc50a
and pIRES2-EGFP-Atp8a1-AA2_Myc-Cdc50a, digestion of the resulting frag-
ments with EcoRI and Pstl, and subcloning into pBridge/s1A, 62, or c3A.
Primers used were: forward, 5-TCG CCG GAA TTC GTT ATC AAG AGG ACT
GCT-3'; reverse, 5'-TGG CTG CAG GTC GAG TCA CCA TTC GTC-3".

Quantification of Overlap by Markers in AT2 Cells. For colocalization analysis of
whole cells using Pearson’s colocalization coefficient, cells were imaged and
processed using NIS Elements Advanced Research imaging software. Region
of interest including each single cell was selected, and Pearson’s correlation
coefficients (R) were calculated between two channels without threshold
using the “colocalization” in NIS Elements software. Two or more inde-
pendent experiments were repeatedly performed under each condition.
Quantitation of overlap in the cell periphery between mCherry-LactC2 and
GFP-RAB11A was performed using ImageJ (NIH) on still images from the first
frame of live cell movies to avoid photobleaching and used a method similar
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to that previously used by Dennis et al. to image melanosomes (72). Single
cell images were cropped to exclude the plasma membrane, and binary
fluorescence images were generated by subtracting the local background
before thresholding using parameters of a rolling ball radius of 2 pixels with
sliding paraboloid. The Image Calculator function was used to generate an
image representing the area of overlap between channels by multiplying
the binary images of each of the two channels. The areas of overlap and of
total fluorescence labeling in structure larger than 1 pixel were quantified
using the Analyze Particles function to get the ratio of overlap pixels
(Rab11A*LactC2) to total pixels in the channel of interest (Rab11A).

Scratch Wound Assay. The wound-healing response was observed using a
scratch assay. A total of 1 x 10° cells/well were seeded on 12-well plates
under normal culture conditions and incubated for 18 h. At 100% confluence,
a sterile 200 uL pipette tip was used to scrape a straight line across the cell
monolayer to create a “wound.” Images were taken at 10x magnification at 0,
2,4, 7,12, and 24 h. The distance between leading edges analyzed (wound
width at each time pointsiwound width at 0 h x 100 = % relative
wound width).

BrdU Incorporation. Cell proliferation was measured using the BrdU Cell
Proliferation Colorimetric ELISA Kit (ab126556; Abcam, Cambridge, MA, USA)
according to the manufacturer’s instructions. Briefly, cells were plated at 5 x 10%
cells/mL in 100 pL/well of 96-well plates and incubated for 18 h. On the next day,
cells were incubated for 8 h with BrdU according to manufacturer’s recom-
mendation. Absorbance was measured at 450 nm using SpectraMax 190 (Mo-
lecular Devices, Canada). Assays were completed in technical quadruplicate.

Statistical Methods. PRISM 8 (version 8.4.2; GraphPad Software, La Jolla, CA)
was used for all statistical analysis, and measures of center and variability are
provided in the figure legends. For experiments comparing two groups, an
unpaired t test was used and values of P < 0.05 were considered as signifi-
cant. For experiments comparing >2 groups, one-way ANOVA was used with
Tukey’s correction for multiple comparisons, and values of P < 0.05 were
considered as significant.

Data Availability. All study data are included in the article and/or supporting
information.
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