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Abstract

NDFIP1 has been previously reported as a tumor suppressor in multiple solid tumors, but the function of NDFIP1 in NSCLC and the
underlying mechanism are still unknown. Besides, the WW domain containing proteins can be recognized by NDFIP1, resulted in
the loading of the target proteins into exosomes. However, whether WW domain-containing transcription regulator 1 (WWTR1, also
known as TAZ) can be packaged into exosomes by NDFIP1 and if so, whether the release of this oncogenic protein via exosomes has an
effect on tumor development has not been investigated to any extent. Here, we first found that NDFIP1 was low expressed in NSCLC
samples and cell lines, which is associated with shorter OS. Then, we confirmed the interaction between TAZ and NDFIP1, and the
existence of TAZ in exosomes, which requires NDFIP1. Critically, knockout of NDFIP1 led to TAZ accumulation with no change in its
mRNA level and degradation rate. And the cellular TAZ level could be altered by exosome secretion. Furthermore, NDFIP1 inhibited
proliferation in vitro and in vivo, and silencing TAZ eliminated the increase of proliferation caused by NDFIP1 knockout. Moreover, TAZ
was negatively correlated with NDFIP1 in subcutaneous xenograft model and clinical samples, and the serum exosomal TAZ level
was lower in NSCLC patients. In summary, our data uncover a new tumor suppressor, NDFIP1 in NSCLC, and a new exosome-related

regulatory mechanism of TAZ.
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Introduction

Lung cancer occurrence and mortality ranks top in China and
around the world (Sung et al., 2021). About 85% of lung cancers
are non-small cell lung cancer (NSCLC), which can be subdivided
into adenocarcinoma (LADC), squamous cell carcinoma (LSQ),
and large cell carcinoma (LLC) (Lewis et al., 2014). Over the past
20 years, as the treatment paradigm of lung cancer shifted from
cytotoxic therapy to personalized targeted therapies, the cura-
tive effect has been substantially progressed (Herbst et al., 2018).
Yet, only certain populations of patients with specific druggable
genomic alterations are benefited. Therefore, the identification of
new therapeutic targets and its molecular mechanisms remains
increasingly needed to expand the treatable population.

The Hippo signaling pathway controls growth and organ size,
thus its dysregulation often leads to cell overgrowth and tum-
origenesis (Chen et al.,, 2019). WW domain-containing proteins,
Yes-associated protein (YAP), and Transcriptional coactivator
with PDZ-binding motif (TAZ) are core components of the Hippo
pathway. In general, when the pathway is turned off, a cascade

of kinases (MST1/2 and LATS1/2) are dephosphorylated, followed
by nuclear translocation of the dephosphorylated transcrip-
tional coactivators YAP/TAZ, where they transcriptionally acti-
vate tumor promoting genes or repress tumor suppressive genes
Zanconato et al., 2016; Xie et al., 2018). In solid cancers, especially
in NSCLC, YAP/TAZ are not only upregulated by Hippo signaling,
but also by other molecular mechanisms (Lu et al., 2018; Ma et al,,
2020; Pocaterra et al., 2020). Interestingly, increased level of tumor
YAP and/or TAZ is hardly caused by genomic amplification (Lo
Sardo et al., 2018), thus, the regulatory mechanisms of YAP/TAZ
are complicated but important in solid tumor, such as NSCLC.
Nedd4 family-interacting protein 1 (NDFIP1) is an adaptor of E3
ubiquitin ligases Nedd4 family, linking Nedd4 with target proteins
to facilitate the ubiquitination (Harvey et al., 2002). As previously
demonstrated, NDFIP1 participates in inflammatory, neurologi-
cal, and autoimmune diseases (Howitt et al., 2009; Oliver et al.,
2006; Wagle et al., 2018), but recently, the downregulation of
NDFIP1 promotes proliferation, invasion, epithelial mesenchymal
transition (EMT), or glycolysis in several forms of cancer (Peng et
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al,, 2017; Zhang et al., 2019; Ben et al., 2020). However, the func-
tion of NDFIP1 in NSCLC has not been investigated to any extent.

In previous reports, NDFIP1 is identified to function in the load-
ing of proteins into exosomes through the binding of WW domain
in target proteins to PPxY motif in NDFIP1 (Putz et al., 2008, 2012;
Sterzenbach et al., 2017). Given that YAP and TAZ are classic WW
domain-containing proteins (Salah et al., 2012), it is reasonable
to hypothesize that YAP/TAZ can be recognized by NDFIP1 and
subsequently loaded into exosomes. And if so, considering the
oncogenic function of YAP/TAZ in NSCLC, why tumor cells expel
this oncoprotein needs to be further explored.

Here, we first verified the low expression of NDFIP1 in NSCLC,
the binding of NDFIP1 with TAZ and the recruitment of TAZ,
but little YAP into NSCLC exosomes. Then combining evidences
from clinical data, in vitro and in vivo experiments, we revealed
that lower NDFIP1 led to lower TAZ packaged in exosomes and
higher TAZ accumulation in cells, promoting cell proliferation
and tumor growth eventually. Taken together, our data have dis-
closed NDFIP1 as a novel tumor suppressor and proposed a new
exosome-related regulatory mechanism of TAZ, providing new
insights for the development of biomarkers and treatment strat-
egies of NSCLC.

Results

NDFIP1 is downregulated in NSCLC, which is
associated with shorter OS

As previously reported, NDFIP1 is regarded as a tumor suppressor
in uveal melanoma, hepatocellular carcinoma, pancreatic ductal
adenocarcinoma, and breast cancer (Peng et al,, 2017; Zhang et
al., 2019; Ben et al., 2020; Tian et al., 2020). To explore the role of
NDFIP1 in NSCLC, we first analyzed the NDFIP1 mRNA expres-
sion and NDFIP1 DNA copy number in the different datasets of
Oncomine. Decreased NDFIP1 expression levels were found in
NSCLC in Hou Lung, Garber Lung, Selamat Lung, and Wachi Lung
datasets (Fig. 1A-D). Consistently, NDFIP1 copy number was also
decreased in TCGA Lung 2 and Weiss Lung datasets (Fig. 1E and
1F). Moreover, we examined the NDFIP1 levels in 17 pairs of sam-
ples from NSCLC patients. NDFIP1 protein levels were lower in
tumor samples than that in matched paratumor samples (Figs.
1G, 1H, and S1). And tumor NDFIP1 mRNA levels were lower in
tumor tissues (Fig. 1I). Similarly, in NSCLC cells, the NDFIP1 pro-
tein levels and NDFIP1 mRNA levels were both decreased in LADC
(A549, SPC-A1, SPC-A1-BM) and LSQ (H520, HCC95, H2170) cell
lines compared with the normal bronchial epithelial cell line,
Beas-2B (Fig. 1J-M). Hypoxia also reduced the NDFIP1 protein level
and NDFIP1 mRNA level in SPC-A1-BM cells (Fig. S2A and S2B).
Furthermore, the survival curves from the Kaplan-Meier plotter
revealed that higher NDFIP1 level (top 50%) was associated with
better overall survival (OS; n = 1,144) and progression-free sur-
vival (PFS; n = 596) (Fig. 1N and 10)). Overall, these findings sug-
gested NDFIP1 as a tumor suppressor in NSCLC.

NDFIP1 interacts with TAZ and is responsible for
the recruitment of TAZ into exosomes

Given that NDFIP1 contains PPxY motifs (Harvey et al., 2002),
and YAP/TAZ are classic WW-domain containing proteins that
could be recognized by PPxY motifs (Salah et al., 2012), co-IP
assays were performed in SPC-Al, SPC-A1-BM, and A549 to
explore if NDFIP1 could interact with YAP/TAZ. The results ver-
ified the binding of NDFIP1 to TAZ, but not YAP (Figs. 2A and
S3A). Furthermore, the binding of TAZ to NDFIP1 reversely was

confirmed (Figs. 2B and S3B). Interestingly, NDFIP1 interacted with
TAZ, rather than cTAZ (C-terminus of TAZ) (Fig. 2C), a short vari-
ant of TAZ lacking an intact WW domain (Fang et al., 2019), indi-
cating the recognition of TAZ by NDFIP1 requires the WW domain.
Moreover, the TAZ WT (wide type) and TAZ AWW (TAZ mutation
with WW-domain deletion) plasmids (Varelas et al., 2008) were
transfected in SPC-A1 cells (Fig. S4), and the co-IP results showed
that NDFIP1 interacted with TAZ WT, but not with the TAZ AWW
(Fig. 2D, which confirmed that NDFIP1 recognizes TAZ through its
WW-domain. Then, the subcellular co-localization of NDFIP1 and
TAZ also provided additional evidence supporting the binding of
NDFIP1 with TAZ (Fig. 2E).

Next, to verify if TAZ can be found in exosomes, exosomes
from conditioned media of different lung cancer cells (SPC-A1,
A549, SPC-A1-BM, H1581, and H520) were isolated by ultracen-
trifugation method (Fig. S3A) and characterized by TEM, NTA and
Western blot (Figs. 2E-G and S5B-G). Exosomes displayed the clas-
sical “cup-shaped” morphology (Figs. 2F and S5B) and the size of
exosomes mostly distributed between 30 and 200 nm (Figs. 2G
and S5C). Furthermore, it was found that TAZ, but little YAP, were
mostly enriched in exosome pellets rather than other fractions
(Figs. 2H and S5D-G), such as intact cells in suspension during
culture (500 xg), cell debris (2,000 xg), and extracellular vesicles
(10,000 xg) (Menck et al., 2017). Meanwhile, exosome-specific pro-
teins, ALIX, TSG101, CD63, CD9, and CD81, were also concentrated
in exosome pellets whereas GAPDH (a cell internal reference) and
GM130 (a Golgi marker) (Putz et al., 2012) levels were much lower
in exosomes than in other components (Figs. 2H and S5D-G).
In addition, the co-localization of TAZ and CD63 in SPC-A1l and
SPC-A-1-BM cells reconfirmed the presence of TAZ in exosomes
(Fig. 2I). Furthermore, the knockout and overexpression of NDFIP1
in SPC-A1 cells, respectively, resulted in the decrease and increase
of TAZ in equal number of exosomes (Fig. 2L and 2M), but have no
significant effect on the exosomes number secreted by single cell
(Fig. 2J and 2K). Similarly, in A549, the knockdown and overexpres-
sion of NDFIP1 did not affect the number of exosomes secreted
per cell (Fig. S6A and S6B), but, respectively, inhibited and pro-
moted the export of TAZ into exosomes (Fig. S6C and S6D). Also,
the TAZ level in equal number of exosomes was lower in tumor
cells with lower NDFIP1 expression (Figs. 1J, S2A, S7A, and S7B).
Thus, these observations indicated that NDFIP1 is responsible for
exosome-mediated release of TAZ in NSCLC cells.

NDFIP1 determines the cellular accumulation of
TAZ through exosomes

We next examined the influence of NDFIP1 on cellular TAZ. The
knockout of NDFIP1 in SPC-A1 cells and the knockdown of NDFIP1
in A549 cells resulted in the increase of TAZ protein level, rather
than TAZ mRNA level (Figs. 3A, 3B, S8A, and S8B). And the over-
expression of NDFIP1 in SPC-A1 cells and A549 cells caused the
reduction at protein levels of TAZ with no significant alterations
in the mRNA level (Figs. 3C, 3D, S3C, and S3D). Therefore, in con-
trast to exosomal TAZ, NDFIP1 limited cellular TAZ accumula-
tion, and the NDFIP1-induced TAZ protein differences cannot be
explained by the regulation at transcriptional level.

Moreover, considering TAZ as a transcription factor that needs
to translocate into the nucleus to function, we then extracted the
nuclear and cytoplasmic fractions separately, with GAPDH and
Lamin A/C as cytoplasmic and nuclear loading control, respec-
tively (Zhang et al., 2018). And it was found that the increase and
decrease of TAZ induced by NDFIP1 not only occurred in the cyto-
plasm but also in the nucleus (Figs. 3E, 3F, S8E, and S8F).
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Figure 1. NDFIP1 is low expressed in human NSCLC samples and cell lines, and lower NDFIP1 is associated with shorter OS. (A-F) Expression of
NDFIP1 and copy number analyses of NDFIP1 in Oncomine databases with provisional LSQ, LADC, LLC, and SLC cohorts. Expression (A) in Hou Lung
datasets, (B) in Garber Lung datasets, (C) in Selamat Lung datasets, (D) in Wachi Lung datasets, copy number (E) in TCGA Lung 2 datasets, (F) in Weiss
Lung datasets. Bars represent the mean + SD. **P < 0.01. **P < 0.001. (G) IHC of NDFIP1 in tumor and paratumor tissues from patients 1 and 5. Scale
bars: 200 pm. (H) Quantification of IHC staining intensity for NDFIP1 in 17 paired NSCLC tissues. **P < 0.001. (I) NDFIP1 mRNA level in NSCLC tissues
and matched non-tumor tissues (n = 17). Bars represent the mean + SD. **P < 0.001. (J-M) NDFIP1 (J) protein and (L) mRNA level in (K) LADC cell lines,
A549, SPC-A1, SPC-A1-BM, (M) LSQ cell lines, H520, HCC95, H2170 and bronchial epithelial cell line Beas-2B. Bars represent the mean + SD (n = 3). P <
0.01. ™P < 0.01. *P < 0.001. (N-O) Kaplan-Meier analysis of NDFIP1 level on the (N) overall survival (OS) and (O) progression-free survival (PFS) in lung
cancer patients.

Next, given that NDFIP1 mediates the degradation of certain hardly affected by NDFIP1 (Fig. 3G and 3H). In addition, the two
proteins (O’Leary et al., 2016; Gorla et al., 2019), we evaluated main pathways for protein degradation are the proteasome and
potential differences in TAZ protein degradation. Cycloheximide the lysosome (Ciechanover, 2005). However, the differences in the
[CHX, an inhibitor of protein synthesis (Liu et al., 2019)] chase TAZ protein level caused by NDFIP1 were unaltered whether the
experiments revealed that the degradation rate of TAZ was MG132, a proteasome activity inhibitor (Lee and Goldberg, 1998),
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and Chloroquine (CQ), a lysosome activity inhibitor (Banik et
al., 2020), existed or not (Fig. 3I and 3J). Together, the regula-
tion of the cellular TAZ protein level was unlikely through its
degradation.

Furthermore, the decrease in TAZ induced by NDFIP1 overex-
pression in SPC-A1 and A549 cells were increased by GW4869, an
exosome secretion inhibitor (Fig. S9A-C) (Trajkovic et al., 2008).
And the knockdown of RAB27B, an important molecule to con-
trol exosome secretion (Ostrowski et al., 2010), also retained more
TAZ intracellularly in the NDFIP1 overexpressed SPC-A1l and
A549 cells (Fig. S9D-F). Taken together, cellular TAZ accumula-
tion could be negatively regulated by exosome secretion. Thus,
the differences in the TAZ level in exosomes appear to under-
lie the NDFIP1-mediated cellular TAZ levels to be either up- or
downregulated.

NDFIP1 inhibits the proliferation of NSCLC cells
in vitro and in vivo

Since TAZ mainly drives tumor growth, we further tested
whether NDFIP1 had an effect on NSCLC proliferation. The
knockout of NDFIP1 in SPC-A1 cells led to a higher level of PCNA,
a proliferation marker, along with a significant increase in cell
viability (Fig. 4A and 4B), while overexpressing NDFIP1 caused
the opposite outcome (Fig. 4C and 4D). Similarly, in A549 cells,
the increased PCNA level and cell viability occurred in NDFIP1
knockdown cells (Fig. SI0A and S10B), and NDFIP1 overexpres-
sion reduced the level of PCNA and inhibited the cell viability
(Fig. S10C and S10D).

Moreover, silencing TAZ eliminated the increase of prolifera-
tion caused by NDFIP1 knockout in SPC-A1 cells (Fig. S11A and
S11B) and NDFIP1 knockdown in A549 cells (Fig. S11C and S11D).
So, the NDFIP1-mediated cell proliferation could be inhibited by
TAZ reduction.

Then the stably transfected SPC-A1 cells were subcutaneously
injected into the right flanks of BALB/c nude mice (n = 6) (Fig. S12),
and a marked increase in tumor size and weight was observed in
mice receiving the NDFIP1 knockout cells (Fig. 4E and 4F). Not only
that, the PCNA expressions were also increased, accompanied by
higher levels of Ki-67 in the mice implanted with NDFIP1 knock-
out cells (Figs. 4G, 4H and S13A). And vice versa, the overexpres-
sion of NDFIP1 resulted in smaller tumor size and weight, lower
level of PCNA and Ki-67 in vivo (Figs. 4I-L and S13B).

NDFIP1 switches the abundances of intra- and
extra-cellular TAZ in vivo

Now that in vitro evidences have indicated NDFIP1 mediates TAZ
packaging into exosomes and accumulation in cells, we next
test this mechanism in vivo. Expectedly, the protein levels of TAZ
were generally upregulated in the NDFIP1 knockout group and
greatly decreased in tumors with NDFIP1 overexpression (Figs. 5A,
5B, S14A, and S14B), which is unrelated to the TAZ mRNA level
(Fig. 5C and 5D). And cellular TAZ was negatively correlated with
NDFIP1 in tumor tissues (Fig. 5E).

Moreover, the TAZ in equal number of exosomes from serum
of NDFIP1 knockout group mice was lower than that from con-
trol mice serum (Fig. 5F). In contrast, higher levels of TAZ were
detected in exosomes from serum of NDFIP1 overexpression
group mice compared with the control group (Fig. 5G). In addition,
exosomal TAZ was positively correlated with NDFIP1 in tumor tis-
sues (Fig. 5H), and the TAZ in tumor cells had a negative correla-
tion with the exosomal TAZ (Fig. 5I), indicating that NDFIP1 acted
as the molecular switch of intra- and extra-cellular TAZ.

Negative correlation between TAZ and NDFIP1
expression in NSCLC patient samples, and
exosomal TAZ level is lower in the serum from
NSCLC patients

To determine the clinical relevance of NDFIP1 and TAZ, we fur-
ther analyzed the TAZ level in the same 17 pairs of samples from
NSCLC patients. Compared with matched paratumor tissues,
the TAZ protein levels were mostly upregulated in tumor tissues
(Figs. 6A, 6B and S15). However, tumor samples did not exhibit a
higher mRNA level of TAZ (Fig. 6C). Thus, the higher TAZ protein
level in tumor tissues was also not caused by the increased tran-
scriptional level of TAZ. Moreover, the protein level of TAZ and
NDFIP1 exhibited a negative relationship (Fig. 6D).

Furthermore, we investigated the exosomal TAZ level in clin-
ical samples. First, we isolated exosomes from human sera by
ultracentrifugation method and characterized them using TEM,
NTA, and Western blot (Fig. 6E-G). Then we examined the TAZ
level in equal number of exosomes from 25 healthy subjects and
36 NSCLC patients (Figs. 6H and S16). Compared with the healthy
subjects, lower TAZ levels were detected in exosomes from NSCLC
patients (Fig. 6I). Expectedly, the single exosomal TAZ level had a
positive correlation with NDFIP1 (Fig. €]).

Taken together, the negative correlation between the expres-
sion of NDFIP1 and TAZ was verified in NSCLC clinical sam-
ples, and lower serum exosomal TAZ could be used for NSCLC
diagnosis.

Discussion

This study has identified a new tumor suppressor, NDFIP1 in
NSCLC, and its novel function in controlling the quantity of cel-
lular and exosomal TAZ. In the cells with higher NDFIP1 levels,
more NDFIP1 effectively binds with more TAZ, and thus recruits
more TAZ into exosomes, leading to lower levels of TAZ in both
the cytoplasm and the nucleus, and ultimately less cell prolif-
eration; on the contrary, in the tumor cells with lower NDFIP1
levels, the balance of cellular and extracellular TAZ is switched
otherwise, that is, less TAZ is recognized by NDFIP1 and packaged
into exosomes, resulting in more TAZ remaining in both the cyto-
plasm and the nucleus, and more cell proliferation (summarized
in the schematic drawing, Fig. 6K). In the light of the findings in
this study, low NDFIP1 level in tumor tissues and low TAZ level in
single serum exosome may serve as diagnostic indexes for NSCLC,
although a larger sample size is needed in the future study.

TAZ, also known as WWTR1, has been identified to drive
tumor formation, survival, stemness, progression, metastasis,
and resistance to therapy; and TAZ overexpression has been
associated with development, progression, and poor prognosis in
NSCLC. However, increased expression of TAZ is hardly depend-
ent of genomic amplification of TAZ loci, but instead depends
on the cell-autonomous genetic/epigenetic alterations of TAZ
upstream regulators in tumor cells or on the non-cell-autono-
mous mechanical/biochemical changes occurring in the tumor
microenvironment (Lo Sardo et al., 2018). In this study, we first
revealed that NDFIP1 negatively regulates TAZ by sorting TAZ into
exosomes, expanding the understanding of the regulatory mech-
anisms on TAZ.

Furthermore, we have shown for the first time that NDFIP1
inhibits tumor cell proliferation in NSCLC through the regulation
of TAZ. Previously, NDFIP1 has been reported as a tumor suppres-
sor in other tumor types and can be downregulated by upstream
miRNAs or external stimuli such as hypoxia and nicotine (Peng
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and in vivo. (A and C) Protein levels of a proliferation marker, PCNA in (A)

control (sgNC) and NDFIP1 knockout (sgNDFIP1) SPC-A1 cells, (C) control (PCDH) and NDFIP1 overexpression (NDFIP1-OE) SPC-A1 cells. (B and D) Cell

viability assay of these four groups. Bars represent the mean + SD (n = 3). *
xenograft model of (E) control (sgNC) and NDFIP1 knockout (sgNDFIP1) SPC

P < 0.05.™P < 0.001. (E, I), the images of tumors from subcutaneous mouse
-A1 cells, (I) control (PCDH) and NDFIP1 overexpression (NDFIP1-OE) SPC-A1l

cells. (F,J) the weight of these tumors. Bars represent the mean + SD (n = 6). P < 0.01. (G and K) Representative IHC images of tumors from these four
groups. Scale bars: 100 pm. The quantification of Ki-67-positive cells is plotted on the right. Bars represent the mean + SD (n = 6). **P < 0.01. **P < 0.001. (H

and L) The PCNA protein level in these tumors. The relative quantification o

et al, 2017; Zhang et al, 2019; Ben et al., 2020). However, the
researches on the underlying mechanism of NDFIP1 repressing
cell proliferation were limited. In one study, miR-873 activated the
key glycolytic proteins AKT/mTOR via targeting NDFIP1 to pro-
mote hepatocellular carcinoma growth and metastasis (Zhang et
al., 2019). In the other study, genetic deletion of NDFIP1 resulted
in a loss of PTEN nuclear compartmentalization and increased
cell proliferation in a human neuroblastoma cell line SH-SY5Y

f PCNA is plotted on the right. Bars represent the mean + SD (n = 6). *P < 0.05.

(Howitt et al., 2015). So, our data not only extend the tumor-sup-
pressing function of NDFIP1 to NSCLC, but also provide a new
downstream mechanism related to cellular and exosomal TAZ.
Exosomes are known as the mediators of intercellular com-
munication. Especially in cancers, exosomes are commonly
called “Oncosomes” because the secreted exosomes that con-
tain oncogenic cargos could target other cells in the primary
tumor microenvironment and the distant premetastatic niche to
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Figure 5. NDFIP1 acts as a mediator of intra- and extracellular TAZ in vivo. (A-B) The TAZ protein level in subcutaneous tumors from mice receiving
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serum (n = 24).

promote tumorigenesis and development (Rak and Guha, 2012;
Costa-Silva et al,, 2015; Zhang et al., 2015; Becker et al., 2016).
Nevertheless, what happens in the donor cells after exosomes
secretion has attracted little attention until recently. Indeed,
exosomes were discovered as a way to expel waste in 1980s
(Harding et al., 1983), and this originally identified function of
exosomes should not be ignored (Chairoungdua et al., 2010; Mc
Namee and O’'Driscoll, 2018; Han et al., 2019; Majer et al., 2019;

Miao et al., 2015; Strzyz, 2020). For instance, colon tumor cells
are inclined to selectively sort tumor suppressor miRNAs into
exosomes and retain more oncogenic miRNAs to promote tumor
progression (Teng et al., 2017). Moreover, ALIX depletion in breast
cancer cells resulted in decreased exosomal PD-L1, followed by
higher PD-L1 surface presentation and increased immunosup-
pression (Monypenny et al., 2018). Here, we found NSCLC cells
downregulate NDFIP1 to keep more intracellular TAZ from being



Ndfip1 limits TAZ via exosomes to inhibit cell proliferation | 131

A Paratumor

Tumor B C TAZ/GAPDH
: - *k - ns
_ 100 — E‘ 10 —
TAZ E 80- i’ 81 .
(Patient 1) = = Z 6 ]
; $ 601 E "
= =M T u
‘5 404 = .
§ k&
TAZ [3‘ 201 E 0- ..ﬂ _O.
= &
(Patient 5) a 0 T T - T T
Paratumor  Tumor Paratumor  Tumor
(n=17) (n=17) (n=17) (n=17)
D
F Serum-exo
E = Particle size distribution .
N g 2.0 x10° ALIX -
= > ] — Serum
5 Serum % o
3 g 1510 D63 -
= < - "

r T T T 8 &a 1.0 x 10°
-40  -30  -20  -1g 2 g ] D9 .
Pearson R = -0.4932 o |-20% -‘é 5.0 x 1051
P=0.0443 & = 1 —

— j)
y=-0.7639*x + 0.4345 [_40 S 0.001 TAZ

The difference of NDFIP1 S 0 50 100150200250300350400450 —
(IHC: tumor minus paratumor) Size (nm) i
NDFIP1
H Human serum exosomes o
Healthy control Patients

K NDFIP1 High NDFIP1 Low

Prollferatlon Proliferation]

‘Tumor cell
‘ Normal TAZ cellular | Impaired TAZ cellular

and extracellular balancing | and extracellular balancing

WW ww
PPxY g PPxY
/ | = | \
[ 1

T
NDFIP1 M’” o .

Equal number : 2.75x 108

J

3.84 x 10°

—

The relationship between exosomal

|
J | TAZ Lo
S * < & TAZ and NDFIP1 ( - nj -l -
> f 1 > - = | =F
) 5} ! -
) * —_— O Iy
£ g 64 . = g 64 . 5 Endosome : : Endosome 2.
g 2 - 2 2 . !
[olNe] o o
= X = X |
o, v 44 L] Q. U 4] |
_ Nucleus | Nucleus
z E - t E e o Pearson R=0.7326 |
£ 2 22 2Hea®s o P<0.0001 \MVB \ m ! m / MVB/
2= o= 3
% - ’ % y=0.5171*x + 0.6270 ) : O
~ 0- 3 &~ 0 T T 1 Exosomes @ o Exosomes
Healthy control Patients 0 5 10 15 1. Ndfip1’s recognition of TAZ 3. High/low exosomal TAZ secretion
( n= 25) ( n= 36) Relative NDFIP1 protein level in single exosome 2. High/low TAZ packaging 4. Low/high cellular TAZ accumulation

Figure 6. Negative correlation between TAZ and NDFIP1 expression in NSCLC patient samples, and the level of TAZ in circulating exosomes. (A) IHC
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image of exosomes from human serum. Scale bars: 100 nm. (F) The particle size distribution of exosomes from human serum. (G) The protein levels
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exosomes; the increase of exosomal TAZ leads to the decrease of TAZ in cell cytoplasm and nucleus and tumor cell proliferation suppression.

secreted via exosomes, providing new evidences of how exosomes
affect their donor cells.
Exosomes originate from inner budding of late endosomes, fol-

the endosomal sorting complex required for transport (ESCRT)
machinery (Sterzenbach et al., 2017). Containing two PPxY motifs,
NDFIP1 is an adaptor of Nedd4 family for ubiquitination; so, it is

lowed by the membrane fusion of multivesicular bodies (MVBs)
and the plasma membrane (Shao et al,, 2018). The formation of
MVBs involves late-domain (L-domain) proteins, ubiquitin, and

not surprising that NDFIP1 has been identified to interact with
target proteins, leading to their ubiquitination and exosomal
packaging (Harvey et al., 2002; Putz et al., 2008, 2012; Sterzenbach
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et al, 2017). In this study, we first reported the interaction of
TAZ with NDFIP1 and subsequent exosomal loading. Given that
YAP and TAZ possess similar structural features including Ww
domain(s), it is interesting that although both YAP and TAZ are
detectable in cell lysates, a polyclonal antibody to NDFIP1 pulled
down TAZ, but not YAP (Fig. 2A). In fact, despite the consistency
of structure and function, YAP and TAZ have distinct functions
mediated by different protein-protein interactions (Cui et al.,
2003; Hong et al., 2005; Callus et al., 2019). In humans, YAP iso-
forms contain either one (YAP1) or two (YAP2) WW domains,
whereas TAZ isoforms contain only a single WW domain. Several
studies consider that with two WW domains, YAP/TAZ isoforms
possess higher affinity for multi-PPxY partner proteins (Callus et
al,, 2019). In contrast, another study showed the negative coop-
eration between the tandem WW domains of YAP2 when bind-
ing to their cognate ligands (Schuchardt et al., 2014). Hence, WW
domain-PPxY interactions may be much more complex, and
therefore current knowledge is inadequate to explain the differ-
ent NDFIP1 interaction patterns between YAP and TAZ.

In conclusion, NDFIP1 plays an essential role in the recruit-
ment of TAZ into exosomes, therefore balancing the levels of
intracellular and extracellular TAZ; NDFIP1, as a tumor suppres-
sor, is downregulated in NSCLC, therefore releasing the brake of
cell proliferation inhibition. Thus, the new function of NDFIP1
and the new regulatory mechanism of TAZ, uncovered in this
study, have implications for the development of biomarkers and
treatment strategies of NSCLC.

Materials and methods

Human tissue and blood samples collection

Seventeen pairs of NSCLC tumor and paratumor tissue samples as
well as 61 blood samples (25 for normal donors and 36 for NSCLC
patients) were obtained from Shanghai Jiao Tong University-
affiliated Shanghai Chest Hospital after surgical resection. The
tissue samples were next subjected to IHC and PCR experiments.
And blood samples were centrifuged at 3,000 rpm at 4°C for
10 min for serum collection, followed by exosomes isolation.

This study was approved by the Ethical Committee of the
School of Biomedical Engineering, Shanghai Jiao Tong University
and carried out in accordance with the Declaration of Helsinki.
All participants were provided written informed consents.

Cell culture

HEK-293T, Beas-2B, A549, SPC-A1, SPC-A1-BM cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM; HyClone, SH30243.01)
while H520, H1581, HCC95, and H2170 cells were cultured in
Roswell Park Memorial Institute (RPMI; HyClone, SH30809.01) con-
taining 10% fetal bovine serum (FBS; LONSA, S711-001S) and 1%
penicillin-streptomycin (PS; HyClone, SV30010). Cells were incu-
bated at 37°Cin a 5% CO, incubator (Thermo, Forma Series II) for
follow-up experiments. SPC-A1-BM is a highly bone metastatic cell
line established from SPC-A1 by in vivo selection in BALB/c mouse
models (Yang et al., 2009; Yu et al., 2014; He et al., 2019).

To deplete bovine exosomes from FBS, FBS was diluted to 20% by
conditioned medium and then centrifuged at 120,000 xg for 16 h at
4°C. For exosomes isolation, cultures were incubated with exosome-
free FBS for 24 h prior to collecting the cell culture medium.

Exosomes isolation

Exosomes from serum and cell conditioned media were both iso-
lated by ultracentrifugation method. Briefly, the serum was first

centrifuged 15 min at 3,000 xg, 4°C, followed by 30 min, 10,000 xg.
Then, the supernatant was transferred into a 6-mL ultracentri-
fuge tube (Beckman, 344619). The tube was then filled with PBS
(HyClone, SH30256.01) and ultracentrifugation was done twice
for 70 min at 100,000 xg, 4°C in a Type 100 Ti swinging-bucket
rotor (Beckman). As for conditioned media, it was first centrifuged
for 5 min at 500 xg, 4 xg, followed by for 30 min at 2,000 xg, and
for 35 min at 10,000 xg. Then, the supernatant was transferred
into 38.5 mL ultracentrifuge tubes (Beckman, 326823) and ultra-
centrifuged twice for 70 min at 100,000 xg, 4°C, in an SW 32 Ti
swinging-bucket rotor (Beckman). The deposits in each step are,
respectively, referred to as intact cells in suspension during cell
culture, cell debris, extracellular vesicles (EVs), and exosomes as
shown in Fig. SSA. For exosomal TAZ level comparison, a filtration
process by a 0.22 pm filter was performed to exclude particles
>200 nm before ultracentrifugation (Lobb et al., 2015; Jeppesen
etal., 2019).

Transmission electron microscopy

The exosome pellet was resuspended in PBS for transmission
electron microscopy (TEM; FEI, Tecnai G2 spirit Biotwin). Briefly,
10 pL of exosomes was dripped onto a copper grid (Zhongjingkeyi,
CHN, BZ110223b). After 1 min of sedimentation, the droplet was
sucked out using the air-laid paper. And then, 10 uL of 2% uranyl
acetate (Merck, 1005) solution was dripped onto the same copper
grid for negative staining and sucked out again 1 min later.

Nanoparticle tracking analysis (NTA)

The size distribution of exosomes was measured by ZetaView
(Particle Metrix). In brief, the exosome pellet was resuspended in
a proper volume of PBS to achieve the optimal detectable concen-
tration (about 107 particles/mL). For each measurement, 3-5 mL
of the diluted sample was injected into the instrument, and the
concentration of this sample as well as the size distribution were
measured by the machine software (ZetaView 8.03.04.01).

Western blot

Western blotting was performed to detect the protein level of
different samples. Generally, total protein was extracted by lysis
buffer (RIPA, Millipore, 20-188) containing protease inhibitor
cocktail (CWBIO, 2200S), phosphatase inhibitor (CWBIO, 2383S),
and phenylmethyl sulfonyl fluoride (PMSF, Beyotime, ST506-2).
And then the protein concentration was measured using a BCA
assay kit (Thermo, 23227). As for exosomal TAZ level compar-
ison, equal number of exosomes measured by NTA was used
for Western blotting. Each sample with same amount of total
proteins or exosomes was mixed with a loading buffer (5x) and
heated at 95°C for 5 min. The denatured proteins were loaded
on 10% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE;
EpiZyme, PG212) and separated at constant 120 V for 80 min.
Then, proteins were transferred to a nitrocellulose membrane (GE
Healthcare, 10600002) at constant 300 mA for 1.5 h. The mem-
brane was blocked with 5% nonfat milk powder suspended in
Tris-buffered saline and Tween 20 (TBST) for 1 h at room tem-
perature. The blots were probed with primary antibodies: TSG101
(Abcam, 133586), HSP70 (CST, 4872S), ALIX (CST, 2171S), CD63
(Santa, 5275), CD9 (Abcam, 92726), CD81 (Santa, 166029), GM130
(R&D, 81991), RAB27B (Abcam, 103418), YAP/TAZ (CST, E9MSG),
TAZ (CST, ES8E9G), NDFIP1 (Santa, 398469), B-Tubulin (Abcam,
6046), GAPDH (Proteintech, 10494), Lamin A/C (Abcam, 108595),
PCNA (Proteintech, 10205), and these primary antibodies were
subsequently probed with appropriate horseradish peroxidase


https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwac017#supplementary-data

conjugated secondary antimouse or rabbit antibodies (Jackson,
115-035-003 or 111-035-003). Finally, the blots were visualized
using the enhanced chemiluminescence (ECL; Thermo, 1856136)
and chemiluminescence imaging system (Tanon, 5200). The
intensity of each band was analyzed by Image] software.

Immunofluorescence

Immunofluorescence (IF) was performed for co-localization.
Generally, cells were seeded on coverslips in a 24-well plate and
cultured, then fixed with 4% paraformaldehyde for 10 min at room
temperature. After fixation, cells were rinsed three times with PBS
followed by permeabilizing in 0.5% Triton X-100 for 10 min and
blockingin 1% bovine serum albumin (BSA) in PBS for 1 h. And then
cells were incubated with primary antibody (CD63, Santa, 5275;
TAZ, CST, ES8E9G; NDFIP1, Santa, 398469) at 1:200 dilutions at 4°C
overnight. Alternatively, cells were incubated with rabbit IgG con-
jugated with Alexa Fluor 488 (Invitrogen, A21206) and mouse IgG
conjugated with Alexa Fluor 594 (Invitrogen, A21203) or mouse
IgG conjugated with Alexa Fluor 488 (Invitrogen, A21202) and
rabbit IgG conjugated with Alexa Fluor 594 (Invitrogen, A21207).
Cell nuclei were stained with DAPI (Beyotime, C1002) for 5 min
at room temperature. Stained cells were photographed under an
immunofluorescence microscope (Leica, DFC420C) or a confocal
microscope (Leica, TCS SP5 II) and qualified with Image] software.

Co-immunoprecipitation

Co-immunoprecipitation (Co-IP) was performed according to the
manufacturer’s instruction (Capturem IP & Co-IP Kit, Takara,
635721). Briefly, cells grown in 10-cm dishes were washed once
with PBS and lysed on ice for 15 min with 1-mL lysis buffer.
Following 17,000 xg centrifugation at 4°C for 10 min, the superna-
tant was divided into 200, 400, and 400 pL (Fig. S2A), and the two
portions of 400 pL were incubated with 8 pg antibody (Normal
Rabbit IgG, CST, 2729S; TAZ, CST, E8E9G; Normal Mouse IgG,
Santa, 2025; NDFIP1, Santa, 398469) for 1 h at 4°C. After incuba-
tion, 400 pL sample was added onto the spin column and cen-
trifuged at 1000 xg for 1 min at room temperature. Then, 100 uL
wash buffer was added to the spin column and centrifuged at
1000 xg for 1 min again. Finally, 30 pL elution buffer was added
to the column and centrifuged at 1000 xg for 1 min. The eluted
sample is now ready for Western blot analysis.

Public dataset analysis from Oncomine and
Kaplan-Meier Plotter

Relative copy number and mRNA levels of NDFIP1 in different
lung cancer datasets were downloaded from Oncomine database
and analyzed using the Graphpad software. Kaplan-Meier overall
survival (OS) and progression-free survival (PFS) curve of NSCLC
patients with low or high expression of NDFIP1 was generated
using Kaplan-Meier Plotter (Gyorffy et al., 2014).

Immunohistochemistry

Paraformaldehyde (4%)-fixed tissues were embedded in paraf-
fin followed by sectioning (5 pm in thickness) with a microtome
(Leica, Solms, RM2245). After xylene dewaxing, PFA fixation, 0.3%
Triton X-100 permeabilization, tissues were blocked with 10%
goat serum for 1 h at room temperature and incubated with pri-
mary antibodies (TAZ, CST, E9J5A; NDFIP1, Santa, 398469; Ki-67,
Proteintech, 27309) at 4°C overnight. After three times washing,
tissues were incubated with secondary antibodies (Jackson, 115-
035-003; Jackson, 111-035-003; Invitrogen, A21207) for 1 h at room
temperature. Diaminobenzidine hydrogen peroxide (Sigma) was
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the chromogen, and the counterstaining was carried out with
0.5% hematoxylin. The intensity of immunohistochemistry (THC)
staining was qualified by an IHC Profiler in ImageJ software.

Quantitative real-time PCR (QRT-PCR)

Total RNA was first extracted from cells with RNAiso Plus rea-
gent (Takara, 9109). And then PrimerScript reverse transcriptase
(RT) reagent kit with gDNA Eraser (Takara, RR047A) was used to
synthesize cDNA from total RNA. Briefly, total RNA diluted by
RNase-free ddH,0 was mixed with 5x gDNA eraser buffer and
gDNA eraser at 42°C for 2 min to remove gDNA. Secondly, the
sample was mixed with 5x PrimeScript Buffer 2, PrimeScript RT
Enzyme Mix 1, and RT Primer Mix at 37°C for 15 min followed by
85°C for 5 s and 4°C forever. Finally, quantitative real-time PCR
was performed on a Fast Real-Time PCR System (ABI, 7900HT)
by using TB Green Premix Ex TagTM II (Takara, RR820A). Briefly,
the synthesized cDNA was mixed with ROX Reference Dye II,
TB green Premix Ex Taq II, and forward and reverse primer at
95°C for 30 s, followed by 40 cycles of 95°C for 5 s, 60°C for 34 s,
and ending at 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s.
The sequence of each primer used was summarized as follows:
GAPDH-F is 5-GGAGCGAGATCCCTCCAAAAT-3’; GAPDH-R is
5-GGCTGTTGTCATACTTCTCATGG-3"; NDFIP1-F is 5-CCAGCT-
GAGGATAGGAAACG-3; NDFIP1-R is 5-GGCATCTTCCGAACT-
TTTGC-3; TAZ-F is 5-CACCCGGCCTTGATGTTTAT-3"; TAZ-R is
5-TGTGTGGTGTGCTATCAGGT-3".

Lentivirus packaging and stable cell lines
generation

Human NDFIP1 knockdown plasmid (shNDFIP1) and control
plasmid (shNC), NDFIP1 overexpression plasmid (NDFIP1-OE)
and negative control plasmid (PCDH) were purchased from OBIO
(Shanghai, China). Human NDFIP1 knockout Crispr-cas9 plasmid
(sgNDFIP1) and negative control plasmid (sgNC) were purchased
from ZORINBIO (Shanghai, China). To generate the lentivirus con-
taining plasmid, HEK 293T cells were co-transfected with VSVG,
pDelta, and the indicated plasmid. And the concentrated lentivi-
rus was obtained from conditioned medium after ultracentrifu-
gation. For infection, the viral stock was added into SPC-A1 cells
with 7 pg/mL polybrene. NDFIP1-OE and PCDH GFP* cells can
be subsequently selected by fluorescence-activated cell sorting
(FACS; BD, FACS Aria II) while sgNDFIP1 and sgNC cells need to be
selected by 1 pg/mL of puromycin with a monoclonal cultivation
by inoculating into a 96-well plate.

Lentiviruses expressing shRNA were purchased from
OBIO (Shanghai, China). The sequence of the shRAB27B was
5-CCCAAATTCATCACTACAGTA-3".

Nuclear and cytoplasmic protein extraction

Nuclear and cytoplasmic protein extraction were performed
according to the manufacturer’s instruction (Nuclear and
Cytoplasmic Protein Extraction Kit, Beyotime, P0028). Briefly, cells
grown in a 24-well plate were washed once with PBS and scraped
for centrifugation to obtain cell pellet. Then 200 uL cytoplasmic
protein extraction buffer A was added into cell pellet and vor-
texed for several seconds. After 15 min, 10-pL cytoplasmic protein
extraction buffer A was added and vortexed for several seconds
followed by centrifugation at 12,000 xg for 5 min. At this point,
the supernatant is the cytoplasmic fraction. Then 50-uL nuclear
protein extraction buffer was added into the pellet followed by an
intermittent vortex for 30 min and centrifugation at 12,000 xg for
10 min. The resultant supernatant is the nuclear fraction.
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Drug treatment

Cells were seeded in a 6-well plate in the absence or presence of
drugs. For degradation rate assessment, 12.5 pg/mL of cyclohex-
imide (CHX, MCE, 12320) was added for 1-6 h. For the inhibition
of lysosome or proteasome-mediated degradation pathway, 5
pmol/L MG132 (MCE, 13259) or 50 pmol/L chloroquine (CQ, MCE,
17589A) was added for 24 h. To inhibit exosome secretion, 5
pmol/L GW4869 (MCE, HY-19363) was added for 24 h.

siRNA and plasmid transfection

Cells were transfected with siRNAs using RNAFit Reagent (HanBio,
HB-RF-1000) according to the manufacturer’s protocol. Briefly,
the cells were incubated with the complex of siRNA and RNAFit
reagent, and the gene knockdown efficiency was assessed after
48 h. siRNAs was synthesized by RiboBio. The siTAZ sequence was
5’-GGTACTTCCTCAATCACAT-3".

Cells were transfected with plasmids using Lipofectamine 3000
(Thermo, L3000015) according to the manufacturer’s protocol.
Briefly, the cells were incubated with the complex of plasmids,
P3000 and Lipofectamine 3000 reagent, and the plasmid trans-
fection efficiency was assessed after 48 h. The TAZ WT (3XFlag
pCMV5-TOPO TAZ WT, 24809) and TAZ AWW (3XFlag pCMVS5-
TOPO TAZ (0WW), 24811) plasmids were purchased from Addgene.

Cell counting kit-8 (CCK-8)

For the proliferation assay, the cell viability at different times (every
24 h) was examined by CCK-8 assay kit (Target Mol, C0005). Briefly,
different stable expression cells were seeded in five 96-well plates
at a density of 2,000 cells per well (n = 6). As for siTAZ interfer-
ence, different stable expression cells were seeded in three 96-well
plates at a density of 5,000 cells per well (n = 6) at 2 days after
transfection. Every 24 h, 10 pL of CCK8 solution was added to each
well in one plate and incubated for 90 min at 37°C. The OD value at
450 nm was measured by the microplate reader (BioTek, Synergy?2).

Tumor xenograft model

BALB/c nude mice (n = 6) were subcutaneously injected into the
right flanks with a total of 5 x 10° stably transfected SPC-A1 cells
in a volume of 50 pL. Tumor sizes and body weights were moni-
tored every 3 days. All the mice were housed in the specific path-
ogen-free animal room of Shanghai Jiao Tong University. At day
21, mice were sacrificed and the blood samples were isolated by
eyeball extirpating. Meanwhile, tumors were harvested and cut
into three pieces for protein extraction, RNA extraction, and par-
affin embedding.

This study was approved by the Ethical Committee of the
School of Biomedical Engineering, Shanghai Jiao Tong University,
and all procedures were performed following the regulations and
internal biosafety and bioethics guidelines of Med-X Research
Institute, Shanghai Jiao Tong University.

Statistical analysis

All statistical analyses were performed using the GraphPad Prism
6 software. Data are presented as mean + SD, and the paired or
unpaired t-test or ANOVA were chosen to analyze the statistical
significance. The probability value below 0.05 was considered
significant.

Supplementary information

The online version contains supplementary material available at
https://doi.org/10.1093/procel/pwac017.
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