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ABSTRACT

The etiology of preeclampsia (PE), a serious pregnancy complication, remains an enigma. We have
demonstrated that proteinopathy, a pathologic feature of neurodegenerative diseases, is a key observa-
tion in the placenta and serum from PE patients. We hypothesize that the macroautophagy/autophagy
machinery that mediates degradation of aggregated proteins and damaged organelles is impaired in PE.
Here, we show that TFEB (transcription factor EB), a master transcriptional regulator of lysosomal
biogenesis, and its regulated proteins, LAMP1, LAMP2, and CTSD (cathepsin D), were dysregulated in
the placenta from early and late onset PE deliveries. Primary human trophoblasts and immortalized
extravillous trophoblasts (EVTs) showed reduced TFEB expression and nuclear translocation as well as
lysosomal protein content in response to hypoxia. Hypoxia-exposed trophoblasts also showed
decreased PPP3/calcineurin phosphatase activity and increased XPO1/CRM1 (exportin 1), events that
inhibit TFEB nuclear translocation. These proteins were also dysregulated in the PE placenta. These
results are supported by observed lysosomal ultrastructural defects with decreased number of autolyso-
somes in hypoxia-treated primary human trophoblasts. Autophagy-deficient human EVTs exhibited poor
TFEB nuclear translocation, reduced lysosomal protein expression and function, and increased MTORC1
activity. Sera from PE patients induced these features and protein aggregation in EVTs. Importantly,
trophoblast-specific conditional atg7 knockout mice exhibited reduced TFEB expression with increased
deposition of protein aggregates in the placenta. These results provide compelling evidence for
a regulatory link between accumulation of protein aggregates and TFEB-mediated impaired lysosomal
biogenesis and autophagy in the placenta of PE patients.
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Introduction effective  treatment(s) besides delivery is available.
Furthermore, this pregnancy complication is a significant
risk factor for chronic diseases later in life, including cardio-
vascular disease, diabetes mellitus, kidney disease, hypothyr-
oidism, and chronic hypertension [5-9]. It is thus critical that
the etiology of PE be better explained.

It is widely accepted that the placenta is one of the primary
sites of dysregulation that contributes to the pathophysiology
of PE. This occurs as a result of detrimental events at the
maternal-fetal interface, including oxidative and endoplasmic
reticulum (ER) stress, anti-angiogenesis, and inflammation

Preeclampsia (PE) is a pregnancy-specific, multifactorial and
multiorgan disorder [1,2]. It is a major cause of maternal and
neonatal morbidity and mortality [3]. PE affects 5-8% of
pregnant women and the incidence is higher in low resource
settings [4,5]. PE is characterized by the new onset of hyper-
tension and proteinuria in pregnant women after 20 weeks of
gestation and with subtypes of early (delivered before
34 weeks) and late onset (delivered after 34 weeks) syndrome
[2,4]. Despite decades of investigation and improved clinical
care, the pathogenesis of PE remains enigmatic, and no
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[10-14]. We and others have recently suggested that PE is
a syndrome of protein misfolding and aggregation [15-19]. It
is well documented that neurodegenerative diseases, such as
Alzheimer disease, are caused by deposition of aggregated
proteins [20,21]. Aggregated proteins can also be detected in
the serum and urine of PE patients [15-17] and have been
shown to induce PE-like features in pregnant mice [15]. Thus,
understanding the molecular events that lead to accumulation
of aggregated proteins and their deposition in the placenta is
a critical issue in the pathophysiology of PE.

Autophagy is a cellular homeostasis pathway targeting aggre-
gated proteins and damaged organelles for lysosomal degradation
[22-26]. Mechanistically, autophagy-lysosomal biogenesis is
tightly regulated by TFEB (transcription factor EB), which con-
trols the expression of lysosomal proteins, LAMP1 (lysosomal
associated membrane protein 1), LAMP2 and CTSD (cathepsin
D) [27,28]. When activated, intracellular inhibitors of TFEB
nuclear translocation such as MTORCI (mechanistic target of
rapamycin kinase complex 1) and XPO1/CRM1 (exportin 1) dys-
regulate lysosomal biogenesis and impair autophagy [29,30].
Studies on the human placenta reveal that autophagy protects
the placenta against pathogens and stress [31-35]. Placental
autophagy can also be exploited by pathogens to evade surveil-
lance from host defenses [36]. Accumulation of protein aggregates
in the PE placenta poses an important question whether autop-
hagy is activated or inhibited in the PE placenta. In this regard,
several reports have suggested that autophagy is hyperactivated in
PE [37-46]. However, these observations of excessive autophagy
as demonstrated by activation of early stage markers do not
explain the presence of aggregated proteins in serum and the
placenta from PE patients. We propose that the lysosomal degra-
dation pathway, a key regulatory step for aggregated protein
clearance and cellular homeostasis, is impaired as a result of
poor lysosomal biogenesis in PE.

To demonstrate the importance of protein aggregation and
impaired autophagy in PE, we examined lysosomal biogenesis
proteins and accumulation of protein aggregates in placental
tissue, primary human trophoblasts, autophagy-deficient
human extravillous trophoblasts (EVTs), and trophoblast-
specific conditional atg7 (autophagy related 7) knockout
(atg7 cKO) mice. Taken together, our data strongly suggest
that lysosomal biogenesis and autophagy are impaired in PE
patients, implying that toxic protein aggregates accumulate in
the PE placenta as a result of these abnormalities.

Results

Placental tissue from PE exhibits significantly reduced
presence of TFEB and increased content of protein
aggregates

Schematic details of the architecture of the human placenta and
the sites of expression and action of TFEB and its regulated
proteins are shown in Figure 1A. To investigate TFEB expression,
we performed immunostaining using antibody to TFEB and com-
pared villous regions (Figure 1B) and EVTs (Figure 1C) in pla-
cental tissue. The PE placental tissue and serum samples were
collected from women with early (n = 6) and late onset PE
(n = 10) and gestational age-matched preterm birth (n = 6) or

normal pregnancy (NP) (n = 10) deliveries (see clinical details in
Table S1). Significantly reduced presence of TFEB was consistently
observed in PE placental tissue (PE) in the syncytiotrophoblast
layer (Figure 1B) and in KRT7 (keratin 7)-positive EVTs (Figure
1C) when compared to tissue from normal pregnancy (NP) deliv-
eries. It is important to note that besides the trophoblast layer in
NP placental tissue, variable TFEB staining was also observed in
other cell types in the stroma including endothelial cells around
blood vessels. Colocalization of TFEB and nuclear DAPI staining
in a subpopulation of EVTs from normal pregnancies (Figure 1C)
suggested nuclear translocation of TFEB. This was not observed in
EVTs from PE placental tissue (Figure 1C). Nuclear translocation
of TFEB in EVTs (see boxed EVTs in Figure 1C) from NP not PE is
further demonstrated at a higher magnification (Figure 1D). To
provide further evidence for reduced presence of TFEB in the PE
placenta, we performed western blotting using protein extracts
from placental tissues from early onset PE (e-PE) vs. gestational
age-matched preterm birth deliveries (Figure 1E) as well as late
onset PE (I-PE) vs. normal term delivery (Fig. S1A). These quanti-
tative results (Figure 1E) support the immunohistochemical data
presented in Figure 1B. We next attempted to correlate reduced
TFEB expression with the presence of protein aggregates in the PE
placenta. We have developed a novel assay to detect protein
aggregates by employing a rotor dye, ProteoStat™ [47], which
binds selectively to aggregated protein structures [48]. The
ProteoStat-specific signal was prominently detected in the tropho-
blast layer of the villi and EVTs in placental tissue from PE
deliveries (Fig. S1B and C). These results suggest that reduced
TFEB expression in the trophoblast layer and in EVTs in the PE
placenta possibly result in poor autophagy-mediated degradation
of protein aggregates thus leading to their accumulation.

LAMP1, LAMP2, and CTSD are poorly expressed in the PE
placenta with increased accumulation of SQSTM1/p62

The lysosomal-associated membrane proteins, LAMP1 and
LAMP?2, constitute a major part of the lysosomal proteome and
are regulated by TFEB [49,50]. Immunohistochemical analysis was
performed and the mean fluorescence intensity index was calcu-
lated for both LAMP1 and LAMP2 in placental tissue from NP and
PE. As shown in Figure 2A,B, LAMP1 and LAMP2 were expressed
predominantly in the trophoblast layer in the NP placenta. In
contrast, little or no staining was observed in the PE placenta.
The mean fluorescent intensity index of LAMPs was significantly
lower in placental tissue (n = 7) from PE than the NP placenta
(n = 8) (Figure 2A,B), p = 0.037 and 0.021, respectively).

We next examined the presence of CTSD and SQSTM1/p62
proteins in placental tissue from PE deliveries. CTSD was poorly
expressed in the trophoblast layer of the PE placenta as compared
to the NP placenta (Figure 2C). In contrast, sporadic accumula-
tion of SQSTM1/p62 was detected in the PE, not NP placenta
(Figure 2D). Of note, SQSTM1/p62 clusters usually accumulate
in the absence of functional autophagy [22,23]. The quantifica-
tion of immunostaining in NP (n = 8) and PE (n = 7) placental
tissue further supports the visual detection of these proteins
(Figure 2C,D). To demonstrate that these observations were
typical of all PE placentas analyzed, we show data from additional
placentas from PE and gestational age-matched deliveries (Fig.
S2). These results demonstrate that lysosomal biogenesis proteins
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Figure 1. Impairment of TFEB expression in the trophoblast layer and anchoring EVTs in placental tissue from PE patients. (A) Diagram of human placental
architecture. Symbols: Villi, villous structures; ST, syncytiotrophoblast; CT, cytotrophoblast; AV, anchoring villi; EVT, extravillous trophoblast. Boxes a and b represent
villous structures and anchoring villi containing EVTs, respectively. (B) TFEB staining of placental tissue from normal pregnancy (NP) and from preeclampsia (PE)
deliveries. TFEB was predominantly detected in the trophoblast layer including cytotrophoblasts (arrowheads) and syncytiotrophoblasts (arrows) in the NP, not PE,
placenta. It was also detected at moderate levels in endothelial cells of blood vessels (gray arrows) of the villi in control placenta, but significantly reduced in the PE
placenta. Quantification shows significantly difference between NP and PE samples (p = 0.005). Bar: 50 um. (C) Extravillous trophoblast domains in the placenta were
co-stained for KRT7 (keratin 7), TFEB and nuclei with DAPI. TFEB was mainly observed in NP EVTs that co-localized with KRT7 staining. Arrows show TFEB nuclear
localization in NP EVTs. Quantification of the data is presented C. Bar: 25 pm. (D) Amplified view of nuclear TFEB in EVTs of NP and PE shown in boxes in Panel C. (E)
Western blotting of TFEB in NP and PE placental protein extracts. Decreased levels of TFEB expression were observed in the placentas from early onset PE vs.

gestational age-matched preterm birth deliveries (p < 0.01, n = 5). Quantification of TFEB signal is presented here as normalized to ACTB. Data are presented as mean
+ SEM and analyzed by a Student t-test.
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Figure 2. Autophagy protein expression in placental tissue from normal pregnancy (NP) and PE deliveries. Tissue was stained for LAMP1, LAMP2, CTSD (cathepsin D),
and SQSTM1 (p62). Nuclei were stained with DAPI. (A) The trophoblast layer in NP, not PE, tissue, was significantly stained for LAMP1. Analysis of LAMP1 staining in
NP and PE tissue samples suggested statistically significant differences. (B) LAMP2 staining in NP and PE tissues and its intensity index analysis support the data
presented in Panel A. (C) A representative experiment for CTSD and quantitative analysis are shown in this panel with statistically significant differences between NP
and PE placenta. It demonstrates that the trophoblast layer in the villi was predominantly positive for CTSD in NP as compared to PE. (D) A representative experiment
is shown for SQSTM1 staining. Sporadic SQSTM1 staining was mainly detected in PE placental tissue, not NP tissue. Data are presented as mean + SEM and analyzed

by a Student t-test. Bar: 20 pm.

hypoxia-exposed cells (Figure 3D,E). Intriguingly, hypoxia treat-
ment blocked TFEB nuclear translocation as shown by lack of
colocalization of DAPI and TFEB (Figure 3F). We also examined
expression of these proteins in hypoxia-treated TCL-1 cell, a third
trimester EVT cell line (Fig. S3A-D). The data from western blots
and quantification of the signal intensity in TCL-1 cells support
our observations in primary human trophoblasts. The results in
Fig. S4 show hypoxia-induced accumulation of ProteoStat-
positive clusters of protein aggregates in primary trophoblast
cells, which is consistent with the data observed in placental tissue
(Fig. S1B and C).

Decreased PPP3/calcineurin activity and increased XPO1
abundance in hypoxia-exposed primary human
trophoblasts and early onset PE (e-PE) placenta

Since TFEB nuclear translocation is regulated by serine/
threonine protein phosphatase, PPP3/calcineurin and

XPO1, a regulator of protein nuclear export [29,30], we
next examined the expression of these two proteins in
normoxia/hypoxia-exposed primary trophoblasts and the
placenta from PE deliveries and gestational age-matched
controls. As shown in Figure 4A-C, hypoxia upregulated
XPO1 expression (p < 0.01) did not significantly alter
PPP3/calcineurin abundance (p = 0.31). However, PPP3/
calcineurin phosphatase activity was significantly inhib-
ited in hypoxia-exposed trophoblasts (Figure 4D).
Similar assessment was also performed in placental tissue.
As shown in Figure 4E-G, placental tissue from e-PE
exhibited higher levels of XPO1 (p < 0.01) and somewhat
lower levels of PPP3/calcineurin compared to gestational
age-matched controls (p < 0.01). These data suggest that
inhibition of PPP3/calcineurin phosphatase activity and
increase in XPOI1 expression in hypoxia-exposed tropho-
blasts and the PE placenta may be responsible for
decreased TFEB nuclear translocation.
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Figure 3. Effect of low oxygen tension (1% O,) on the expression of TFEB protein and mRNA, lysosomal proteome, and TFEB nuclear translocation in primary human
trophoblasts. Primary trophoblasts from three different preparations were cultured under normoxic or hypoxic (1% O,) conditions. (A-C) TFEB protein abundance and
mRNA levels were significantly decreased in hypoxia-treated cells. (D, E) LAMP1, LAMP2, and CTSD were significantly reduced in primary trophoblasts in response to
hypoxia. (F) TFEB immunofluorescent signals were predominantly concentrated in the nuclei (arrows) of the cells under normoxic, not hypoxic, condition. Cells were
cultured in media containing 2.5% FBS. Images are representatives of 3 independent experiments. Bar: 10 pm. Data are presented as mean + SEM and analyzed by

a Student t-test (n = 3).

Ultrastructural evidence for autophagy impairment in
primary human trophoblasts in response to hypoxia

Our results discussed above suggest that hypoxia dysregulated
TFEB and inhibited lysosomal biogenesis, implying impair-
ment of autophagic flux. To verify this, we assessed autopha-
gic vacuoles using transmission electron microscopy (TEM).
Under normal conditions, autophagosome is characterized by
double-membrane structure containing the cytoplasmic con-
tents and/or damaged organelles, and autolysosome appears
as single-membrane vacuole containing electron-dense lyso-
somal materials and cytoplasmic contents and/organelles at
various state of degradation (Figure 5A,C). Semi-quantitative
analysis revealed a significantly lower number of autophago-
some and autolysosome in hypoxia-exposed trophoblasts vs.
control cells (Figure 5E,F, p < 0.01). Moreover, hypoxia-

treated cells displayed a large number of phagophores
(Figure 5D). These data indicate that hypoxia inhibits the
formation of autophagosome and autolysosome, thereby dis-
rupting autophagic flux.

Autophagy-deficient EVTs exhibit poor TFEB nuclear
translocation and lysosomal function

To demonstrate that poor lysosomal function and dysregulated
TFEB expression/nuclear translocation are linked with
impaired autophagy in stressed human trophoblasts, we
employed human first trimester EVTs engineered to exhibit
autophagy deficiency [51]. An autophagy-deficient human
EVT trophoblast cell line (HchEpC1b-ATG4B“**) was estab-
lished by stable transfection of EVT trophoblasts with
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Figure 4. Analysis of XPO1 and PPP3/calcineurin in normoxia/hypoxia-exposed primary human trophoblasts and the placenta from e-PE vs. controls. (A-C) The
expression of XPO1 and PPP3 in cells with indicated treatment was evaluated using western blotting in A and statistically analyzed in B and C. (D) The phosphatase
activity of PPP3/calcineurin was assessed and compared between hypoxia- and normoxia-treated cells. (E-G) Protein abundance of XPO1 and PPP3 was detected
using western blotting (E) and statistically analyzed (F and G) in the placenta from e-PE and gestational age-matched deliveries.

ATG4B“"*A, an inactive mutant of ATG4B (see Materials and
methods for details). The mutant ATG4B“7** inhibits conver-
sion of LC3-I to LC3-II (Figure 6A) [52]. Stably transfected,
autophagy-deficient HchEpClb-ATG4B“”** and autophagy-
proficient cells derived by stable transfection with control
HchEpClb-mStrawberry (mSt) were analyzed for dysregulated
expression of TFEB and LAMPs, impaired lysosome function,
and TFEB nuclear translocation. Both western blotting and
immunohistochemical analyses showed that LAMP1 and
LAMP?2 protein levels were significantly reduced in autophagy-
deficient HchEpC1b-ATG4B“"** cells, compared to the autop-
hagy-proficient mSt cells (Fig. S5A-C). We next examined
whether reduced expression of LAMP1 and LAMP2 was asso-
ciated with impaired lysosomal function in autophagy-deficient
HchEpC1b-ATG4B“™** cells (Fig. S5A-C). A hallmark of lyso-
somal function is the translocation of lysosomal membrane
markers to the plasma membrane [49,50,53]. LysoTracker is
an acidotropic dye that stains cellular acidic compartments such
as lysosomes and autolysosomes [54]. This dye has been used to
detect autophagy-associated lysosomal activity. LysoTracker red

staining, which normally accumulates in intraluminal vesicles
with low pH, showed poor staining intensity in HchEpClb-
ATG4B“™** cells compared to control mSt cells (Fig. S5D).
Taken together, these data suggest that lysosomal function
was significantly reduced in the autophagy-deficient
HchEpC1b-ATG4B“”** trophoblast cells. To examine the
TFEB content and nuclear translocation in HchEpClb-
ATG4B“"** cells, we cultured control mSt and autophagy-
deficient EVTs in the presence or absence of bafilomycin A,
a drug that induces TFEB nuclear translocation [55]. We
assessed TFEB expression by immunofluorescence in fixed
cells and western blotting of fractionated cytoplasmic and
nuclear protein contents. The data presented in Figure 6B,C
show that bafilomycin A, failed to induce TFEB nuclear trans-
location in the autophagy-deficient EVTs. This is further sup-
ported by the absence of TFEB in the nuclear fraction of
autophagy-deficient EVTs (Figure 6D,E). The observations pre-
sented in Figure 6 and Fig. S5 support a mechanistic link
between autophagy deficiency and abnormal TFEB localization
and impaired trophoblast lysosomal function.
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Sera from PE patients augment RPS6KB phosphorylation,
block nuclear translocation of TFEB, and induce protein
aggregation in EVTs

Sera from patients with PE have been shown to induce PE-like
features in pregnant mice [56] and to inhibit activation of autop-
hagy in peripheral blood mononuclear cells [57]. The data in
Figure 6 suggest that TFEB nuclear translocation was blocked in
autophagy-deficient EVTs which also show increased accumula-
tion of protein aggregates. Activated MTORCI has been shown to
block TFEB nuclear translocation [29,30] which can be evaluated
by elevated phosphorylation of its substrate RPS6KB/S6 kinase
(p-RPS6KB). To investigate a possible mechanism for lack of
TFEB nuclear translocation in HchEpClb-ATG4B“** cells, we
compared the content of p-RPS6KB in control mSt and

HchEpC1b-ATG4B“"** cells. Our results clearly demonstrated
that autophagy-deficient cells exhibited significantly higher
(p = 0.021) content of p-RPS6KB (Figure 7A), suggesting consti-
tutive activation of MTORCI in these cells. This may contribute to
a mechanism for poor TFEB nuclear translocation in autophagy-
deficient cells.

Next, using serum samples from women with normal preg-
nancy (NPS) and PE (PES), we demonstrated that sera from
women with PE induced significantly higher (p = 0.021) phos-
phorylation of RPS6KB in mSt EVTs (Figure 7B), indicative of
enhanced MTORCI activity. We then examined whether PES
blocked nuclear translocation of TFEB induced by bafilomycin
A;. As shown in Figure 7C, PES significantly blocked TFEB
nuclear translocation. Thus, it appears that sera from women
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inhibits the conjugation of phosphatidylethanolamine (PE) to LC3 for conversion of LC3-I to LC3-II. Deficiency in lysosome function was depicted in ATG4BY*A cells
by LysoTracker staining (see Figure S5). (B) Assessment of TFEB nuclear translocation in bafilomcycin A;-treated or untreated mSt and ATG4BY*A cells for 24 h. mSt
cells exhibited significant nuclear translocation in response to bafilomycin A;. In contrast, ATG4B"** showed poor overall expression of TFEB. Importantly, no nuclear
TFEB translocation was observed in these cells in response to bafilomycin A;. (C) Quantification of at least three experiments supported the data presented in B. (D)
Nuclear and cytoplasmic fractions were isolated from bafilomycin A;-treated and untreated cells and probed for the TFEB content in a western blot analysis. TUBB/B-
tubulin and Histone were used as protein loading controls for cytoplasmic and nuclear fractions, respectively. Data are presented as mean + SEM with at least
n = 3 per group, and analyzed by one-way ANOVA with Bonferroni post hoc test. Bar: 20 pm.

with PE contain factors that can induce MTORCI activity and
disrupt TFEB nuclear translocation. To further provide evidence
that PES dysregulated TFEB and impaired autophagy-lysosomal
degradation machinery, we evaluated expression of LAMP1/2 and
CTSD as well as accumulation of protein aggregates in mSt EVTs
and autophagy-deficient EVTs in response to NPS and PES. For
western blot analysis, mSt cells were used because the expression of
LAMPs and CTSD is intrinsically very poor in autophagy-
deficient EVTs. EVTs were cultured with NPS or PES for 24 h,
subjected to western blot analysis to evaluate the lysosomal pro-
teome. As shown in Figure 7D, PES, not NPS, downregulated the
expression of LAMP1, LAMP2 and CTSD in autophagy normal
mSt EVTs. We then evaluated accumulation of protein aggregates

in autophagy-deficient and autophagy-proficient cells in response
to NPS or PES. The results presented in Figure 8 demonstrated
that PES, not NPS, caused accumulation of protein aggregates in
autophagy-deficient EVTs. Unlike autophagy-deficient cells, PES
did not elicit significant protein aggregation in control mSt cells.

Trophoblast-specific conditional atg7 knockout (atg7
cKO) mice exhibit accumulation of protein aggregates in
the placental junctional zone

atg7 cKO mice were generated by the unique lentiviral (LV)
vector-mediated trophoblast -specific gene knockout system
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Figure 7. MTORC1 activation in autophagy-deficient ATG4<** cells and lack of TFEB nuclear translocation in mSt cells in response to sera from PE patients. (A)
Increased MTORC1 activity was observed in ATG4B<"** cells that show higher ratio of p-RPS6KB:RPS6KB. (B) PE sera (PES), not NP sera (NPS), increase phosphorylation
of MTORCT target, RPS6KB. (C) A representative western blot shows evidence for PES-mediated block of TFEB nuclear translocation. mSt cells were treated with NPS
or PES samples for 24 h in the presence of bafilomycin A;, and nuclear protein fraction was then isolated. (D) PES, not NPS, downregulated the expression of LAMP1,
LAMP2 and CTSD in mSt cells. Data are presented as mean + SEM with at least n = 3 per group, and analyzed by a Student t-test.

involving atg7 gene [58]. This LV vector only infects the
trophoectoderm and not the inner cell mass in the zona
pellucida-less blastocyst. As described by Aoki et al [58],
atg7 knockout allele was only detected in the placenta, sug-
gesting that the placenta-specific effects of autophagy defi-
ciency could be studied using this mouse model. atg7 cKO
mice experience pregnancy-specific hypertension as compared
to control EGFP mice [58] and provide a model for PE-
associated abnormalities. We took advantage of this mouse
model and investigated whether placental accumulation of
protein aggregates was associated with lower autophagy activ-
ity in atg7 cKO mice. Figure 9 depicted representative histo-
logical analyses of TFEB expression and protein aggregation
in the placenta of atg7 ¢cKO mice. Immunohistochemical
staining showed lower levels of TFEB expression in the labyr-
inth and junctional zone or spongiotrophoblast layer of pla-
centa-specific autophagy deficient mice vs. control mice
(Figure 9A,B). This is consistent with a prior finding showing
that syncytiotrophoblast-specific atg7 knockout decreases
lysosomal biogenesis in mouse placenta using western blotting

[59]. The ProteoStat dye detection assay revealed that the
junctional zone of the placenta of atg7 cKO mice exhibited
intense ProteoStat signal compared to the decidua and the
labyrinth zones. The increased presence of protein aggregates
in the junctional zone was statistically significant as analyzed
by Image] software for the ProteoStat intensity (Figure 9D).
These results support our observations in the PE placenta and
in hypoxia-treated human trophoblasts (Fig. S4 and S8) that
autophagy deficiency leads to accumulation of protein
aggregates.

Discussion

We systematically evaluated the autophagy lysosomal machin-
ery in the PE placenta by focusing on the components of
lysosomal biogenesis, including TFEB, LAMP1, LAMP2, and
CTSD, and explored whether impaired autophagy is asso-
ciated with accumulation of protein aggregates observed in
the PE placenta. TFEB, a master regulator of lysosomal bio-
genesis, plays a pivotal role in mediating autophagy-mediated
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Figure 8. Evidence for accumulation of ProteoStat-positive protein aggregates in
autophagy deficient EVTs in response to gestational age matched sera from NP
and PE women. Autophagy deficient ATG4B<"** cells and autophagy proficient
control cells (mSt) were grown in FBS-free media supplemented with 10% NPS
or PES for 24 h and then stained with ProteoStat. Images are representative of
independent experiments using six serum samples from each. Bar: 20 pm.

degradation of toxic aggregated proteins and has been asso-
ciated with the etiology of lysosomal storage diseases [60-62].
Here, we show for the first time that TFEB protein levels and
its nuclear translocation were significantly reduced in the
trophoblast layer and the anchoring EVTs in the placenta
from PE patients (Figure 1 and S1A). PPP3/calcineurin,
a serine/threonine protein phosphatase, can dephosphorylate
TFEB, which induces TFEB translocation to the nucleus [29].
Additionally, Napolitano et al. recently showed that TFEB
nuclear translocation is negatively regulated by nuclear export
protein, XPO1 [30]. As shown in Figure 4, reduced PPP3/
calcineurin phosphatase activity and increased XPOI1 abun-
dance may contribute to poor TFEB nuclear translocation in
hypoxia-treated trophoblasts and the PE placenta. Moreover,
the lysosome proteome members, LAMP1, LAMP2, and
CTSD, were also significantly reduced, suggesting impaired
lysosomal biogenesis ultrastructural changes. Indeed, TEM

analysis revealed significantly reduced numbers of autophagic
vacuoles in hypoxia-exposed trophoblasts (Figure 5).

Our observations on inhibition of TFEB nuclear translocation
and accumulation of protein aggregates in human trophoblasts in
response to sera from PE patients provide support for the link of
impaired autophagy with buildup of protein aggregates in the PE
placenta (Figure 6-8). Furthermore, autophagy-deficient human
trophoblasts cells exhibited significantly reduced TFEB nuclear
translocation and protein content of LAMPs, poor lysosomal
function, and hypoxia-induced accumulation of protein aggre-
gates (Figure 6, 7, S4 and S5). Importantly, these data are sup-
ported by in vivo observations in trophoblast-specific conditional
atg7”"~ mice wherein no or very little immunostaining of placental
TFEB was associated with accumulation of protein aggregates in
the placental junctional zone. These results provide compelling
evidence for an involvement of impaired autophagy in the PE
pathophysiology.

The ER stress can serve as a double-edged sword for the
autophagy machinery in the placenta. Physiological low oxy-
gen tension-mediated autophagy activation enhances tropho-
blast invasion, a requirement for placental-maternal crosstalk
and endometrial spiral artery remodeling [51]. On the other
hand, excessive hypoxic stress has been shown to inhibit
invasive properties of trophoblast cells [35,51,63]. Our results
describing the detrimental effects of excessive hypoxia and
sera from PE patients on the lysosomal biogenesis proteome
and TFEB nuclear translocation are noteworthy (Figure 3, S3
and 7). It is quite possible that these effects may be even more
prominent in the scenario of hypoxia-reoxygenation as sug-
gested in the case of cardiac cells [64]. Importantly, accumu-
lation of protein aggregates as a result of dysregulation of
lysosomal biogenesis in the PE placenta and stressed tropho-
blasts could be a critical event contributing to the onset of PE.
Although it is difficult to pinpoint the source of excessive ER
stress, these events resulting in impaired autophagy may
cooperatively disrupt the growth, differentiation and invasion
of trophoblasts via lysosomal dysregulation. Future studies
should focus on therapeutic options for prevention and treat-
ment of PE that can restore lysosomal biogenesis and autop-
hagy as well as inhibit protein aggregation.

Although the exact etiology of PE is still unclear, the
observations on accumulation of toxic protein aggregates in
the PE placenta and serum provide a new line of investigation
for better understanding the events that program this multi-
factorial pregnancy complication. Protein misfolding and
aggregation have been shown to be the key pathologic features
in a number of neurodegenerative diseases [20,21,47]. Thus,
predictive detection of the protein cargo of these aggregates in
serum will be of immense importance. Our data on the
detection assay for protein aggregates in serum using autop-
hagy-deficient trophoblast cells and in the placenta is
a cutting-edge approach. This approach is highly reproducible
and is likely to be of great value for setting up a point of care
assay for detection of serum-based protein aggregates not only
in the case of PE but also other pregnancy complications and
Alzheimer disease-related dementias.

There have been controversies regarding whether autop-
hagy activity is increased or impaired in the placenta form
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Figure 9. Evidence for reduced TFEB expression and enhanced intrinsic protein aggregation in trophoblast-specific atg7 cKO placentas. (A, B) TFEB staining was
performed in placenta-specific atg7 knockout mice (cKO) and control mice (EGFP) (A). TFEB-positive cell rate in the placentas from cKO and EGFP were calculated and
statistically analyzed (B). La: labyrinth layer, Sp: spongiotrophoblast layer, De: decidua. Arrows indicated TFEB-positive trophoblasts. (C, D) Protein aggregates in the
labyrinth layer (La) and spongiotrophoblast layer (Sp) in the placentas from atg7 cKO and EGFP control mice were identified by ProteoStat staining (C). H&E staining
showed the structure of mouse placental tissue. The intensity of ProteoStat signal in the placentas was compared between EGFP control and atg7 cKO as shown in
D. Data are expressed as mean + SEM and analyzed by a Student t-test (n = 4). Bar: 50 um.

women with PE [37-46]. Most studies focused on detection of
initial stage markers of autophagy activation, such as LC3-II,
BECNI1/Beclin-1, and SQSTM1/p62, and suggested that PE
was associated with excessive autophagy. For instance, Oh
and colleagues demonstrated an increased content of LC3-II
and unchanged expression of BECN1 in the placenta from PE
vs. controls [37]. Gao et al. showed elevated expression of LC3
and BECNI1 in the placenta from early onset PE [38]. Akaishi
and coworkers demonstrated upregulated LC3-II and down-
regulated SQSTM1/p62 in the PE placenta [43]. Most recently,
Akcora-Yildiz et al. reported increased autophagy activity
based on the findings showing BECN1 upregulation and
cyclin E downregulation in the PE placenta, although higher
levels of SQSTM1/p62 were observed in the placenta from
women with PE vs. normal pregnancy [42]. In contrast, our
results strongly suggest that PE is associated with impaired
autophagy due to defective lysosomal biogenesis machinery.
To reconcile both sets of observations, we propose that the
number of autophagosomes significantly increases in response

to ER stress as represented by increased LC3-II and BECNI,
whereas the number of autolysosomes is significantly reduced
as reflected by our results on poor lysosomal biogenesis. Such
a scenario will result in the impairment of autophagosome-
lysosome fusion by excessive ER stress leading to inhibited
autophagy. Increased numbers of autophagosomes as shown
by appearance of LC3-II dots [37,38,43] do not necessarily
suggest enhanced autophagy activity because this may be
caused by failure of LC3 degradation in dysregulated auto-
lysosome at the final stage of autophagic flux. In the present
study, the accumulation of aggregated proteins in the PE
placenta, PE serum-treated autophagy-deficient EVTs and
atg7 ¢cKO mouse placenta strongly supports the concept of
defective autophagy in PE. Notably, placental autophagy defi-
ciency induces PE-like features in atg7 cKO mice [58], which
points to a direct causative link between autophagy impair-
ment and the PE pathology.

Collectively, we provide evidence for TFEB dysregulation,
impaired lysosomal biogenesis, and defective autophagy in
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Figure 10. Schematic representation of a model depicting lysosomal biogenesis defects, impaired autophagy and aggregated proteins in PE. The model focuses on
ER stress, poor TFEB regulation and function, upregulated MTORC1, impaired autophagy, and lysosome storage-like condition in PE.

placental tissue from PE and in cellular models of the syndrome.
Suppression of autophagy conversely dysregulates TFEB expres-
sion, exacerbates lysosomal biogenesis defect and supports accu-
mulation of protein aggregates. Toxic protein aggregates
accumulated in the placenta may lead to poor placentation and
production of pregnancy-incompatible milieu, including anti-
angiogenic factors, extracellular vesicles and alarmins (Figure
10). Thus, pharmacological options that can restore lysosomal
biogenesis and autophagy hold promise as attractive therapeutic
avenues for PE.

Materials and methods
Ethics statement and human subjects

Serum and placental samples were obtained from pregnant
women with severe PE and normotensive gestational age-
matched pregnant women with informed consents under the
approved protocols by the Institutional Review Board of
Women & Infants Hospital of Rhode Island, Providence,
USA. The clinical information on pregnant women recruited
for this study is detailed in Table S1. Serum was separated and
frozen as aliquots at —80°C until further use. Placental tissue
was collected at the time of delivery and processed within 2 h
of collection. Exclusion criteria included women who were
smokers, had a multifetal pregnancy, were < 18 and > 45-years
old, were known HIV positive, and had pre-pregnancy hyper-
tension, gestational or preexisting diabetes, fetal demise, fetal
anomalies and prior administration of intramuscular steroids.

Reagents

The following mouse monoclonal antibodies (Ab) were used:
anti-ACTB/B-actin (Abcam, ab6276), anti-LAMP1 (Abcam,

ab25630), anti-LAMP2 (Abcam, ab25631), and anti-
SQSTM1/p62 (MBL, M162-3). The following rabbit polyclo-
nal Ab were used: anti-TUBB/B-tubulin (Cell Signaling
Technology, 2146), anti-KRT7 (Novus Biological, NB120-
17069), anti-MAPILC3B (MBL, PMO036), anti-TFEB
(Millipore, ABF234), anti-PPP3CA/calcineurin a subunit
(Sigma-Aldrich  C1956) and anti-XPOI/CRM1 (Cell
Signaling Technology). The following horseradish peroxidases
(HRP)-conjugated secondary Abs were used: anti-mouse IgG-
HRP conjugate (Alpha Diagnostic, 40320-200), anti-rabbit
IgG-HRP conjugate (Cell Signaling Technology, 7074).
Bafiloymcin A; (Cayman Chemical, 11038) was used as an
inducer of TEFB nuclear translocation and inhibitor of autop-
hagy. ProteoStat Aggresome Detection Kit (ENZO, ENZ-
51023-KP002) was used for detecting aggregated proteins.

Placenta procurement and trophoblast culture

Tissue pieces of placentas from normal singleton pregnancy
and PE deliveries were taken from the middle of the placenta.
After extensive wash, samples were either stored in 10% for-
malin or immediately frozen at —80°C. For trophoblast isola-
tion and culture, placentas were procured on a protocol
approved at the University of Pittsburgh. Primary human
trophoblasts were dispersed using the trypsin (Sigma,
T5266) -deoxyribonuclease I (Sigma, D5025) -dispase
(Collaborative Research, 40235) -Percoll (Sigma, GE17-0891-
01) as described previously [65,66]. Cells were plated at
a density of 300,000 cells/cm* and cultured for 4 h in standard
culture atmosphere that supports cell differentiation into syn-
cytiotrophoblast [67]. After 4 h, we exposed primary tropho-
blast cells to varying concentrations of atmospheric oxygen
for 48-72 h. A lower FiO, (=1%) was maintained using
a hermetically-enclosed incubator (Thermo Electron,



Marietta, OH, USA) that provided the desired level of oxygen,
(0, = 0%, 5% CO,, 10% H,, and 85% N,), with continuous
digital recording of atmospheric oxygen using a sensor con-
nected to a data acquisition module (Scope; Data Translation,
Marlboro, MA, USA). All media (DMEM with “high glucose”
of 4.5 g/L D-glucose (ThermoFisher, 11965084) were pre-
equilibrated to the gas mixture before addition to the culture
plate, and refreshed every 24 h.

Cell lines and stable transfection

EVT cell lines, the third trimester TCL-1 and the first trime-
ster HchEpClb, were generated as described previously
[51,68]. HchEpClb is an HPV E6 and hTERT-transfected
immortalized EVT cell line [51]. An autophagy-deficient cell
line, HchEpClb—ATG4BC7 44 cells (ATG4BC74A), was con-
structed by stable transfection with pMRX-IRES-puro-
mStrawberry—ATG4BC7 “4 (a gift from Fujita et al [52]), an
ATG4B“’**  mutant expression vector that inhibits
MAPILC3B-II formation [51]. HchEpClb-mSt cells,
a control cell line, were stably transfected with pMRX-IRES-
puro-mStrawberry (a gift from Fujita et al [52]), a control
vector encoding monomeric red fluorescent protein [51].
Cells were cultured in RPMI1640 medium (GIBCO, 11875)
supplemented with 10% FBS (Fisher Scientific, 10-082-147)
100 U/ml penicillin and 100 pg/ml streptomycin (GIBCO,
15,140) at 37°C in a 5% CO, atmosphere. For starved cultures,
the culture medium was exchanged for Hanks’ balanced salt
solution (GIBCO, 14025092).

Atg7 cKO mice

Conditional atg7 knockout (atg7 cKO) mice were generated as
described previously [58]. In brief, C57BL/6 Atg7"*/1°* mice
(Japan SLC Inc. Shizuoka, Japan) were crossbred at least 3
times with B6D2F1 mice (Japan SLC) and female Atg7ﬂ ox/flox
mice were obtained. The Atg7"°* blastocysts were infected
with lentivirus expressing the Cre recombinase. For the con-
trol placentas, the blastocysts were infected with EGFP-
lentivirus in place of the Cre recombinase. Blastocysts were
implanted into a pseudo-pregnant mouse, which has a normal
autophagy phenotype. Generation of atg7 cKO was confirmed
by the absence of the ATG7 protein in the placenta. Western
blotting showed reduced ATG7 expression coupled with accu-
mulation of SQSTM1 [58]. Mouse placental tissues were fixed
and processed for detecting TFEB expression using immuno-
histochemistry as described previously [58]. The TFEB-
positive signal was quantified by the positive cell number
divided with the number of nuclei in labyrinth and spongio-
trophoblast layers.

Immunofluorescence

Immunofluorescent staining was carried out as described pre-
viously [15,51]. Paraffin-embedded placental sections from
term-matched normal pregnant and preeclamptic women
were de-paraffinized, treated with 0.1% Sudan Black
B (Sigma, 199,664) for 20 min at room temperature and
incubated overnight at 4°C with the primary antibodies
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diluted with Pierce immunostaining enhancer
(ThermoFisher Scientific, 46,644). After extensive wash in
phosphate buffered saline (PBS)-Tween 20 solution (PBS:
VWR Life Science, 3467C459; Tween-20: Fisher Scientific,
BP337-100), the sections were incubated for 1 h with the
secondary antibodies. For cell culture, human primary tro-
phoblasts (purchased from ScienCell Research Laboratories,
7120) or HchEpCl1b cells were fixed in 4% paraformaldehyde
in PBS (VWR Life Science, 3467C459) for 15 min, blocked
with 0.1% Triton X-100 (BIO-RAD, 1610407), 5% BSA
(Fisher Scientific, BP9706100) in PBS and then labeled with
the primary antibodies. Labeled proteins were visualized with
Alexa Fluor 488 donkey anti-rabbit IgG (ThermoFisher,
A21206) or Alexa Fluor 594 donkey anti-rabbit IgG
(ThermoFisher, A32754). Lysosomal activity was examined
by staining with LysoTracker DND-99 (1 uM; Molecular
Probes, L7528) for 40 min at 37°C prior to fixation.
Negative controls were performed by replacing the primary
antibody with purified rabbit IgG or mouse IgG. Fluorescence
images were captured using a Nikon Eclipse TE2000 (Nikon,
Tokyo, Japan) fluorescent microscope and analyzed using
MetaVue Imaging software (Molecular Devices, CA, USA).
Mean fluorescent intensity in each section was measured
from at least 50 villi from ten randomly selected fields at
40X magnification using Image] software (http://imagej.nih.
gov/).

PPP3/calcineurin phosphatase activity assay

The phosphatase activity of PPP3/calcineurin was measured
using a Calcineurin Phosphatase Activity Assay Kit (colori-
metric) (Abcam, ab139461), according to the manufacturer’s
instructions.

Transmission electron microscopy (TEM)

Ultrathin sections were cut, double-stained with uranyl acet-
ate and lead citrate, and examined under a Philips 410
Transmission Electron Microscope. For quantification of
autolysosomes, photomicrographs showing the perinuclear
area from hypoxia-treated (n = 15) or control cells (n = 15)
(x21000 magnification) were randomly taken and blindly
analyzed.

Detection of aggregated proteins in the placenta and
trophoblasts cells

Aggregated proteins were detected using ProteoStat
Aggresome Detection Kit (ENZO, ENZ-51,035-K100)
according to a modified protocol described previously
[48]. Briefly, human and mouse placental sections were de-
paraffinized and then treated with 0.1% Sudan Black B for
20 min at room temperature. Sections were then fixed with
4% formaldehyde in PBS for 15 min at 37°C. After washes
in deionized water, the sections were stained with ProteoStat
dye for 15 min at room temperature. Nuclei were stained
with DAPI (VECTOR LABORATORIES, H-1200). For
detection of protein aggregates in trophoblast cells, primary
trophoblasts or immortalized trophoblasts were plated on
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glass cover slips and treated with sera from normal preg-
nancy or preeclamptic deliveries for 24 h or exposed to low
oxygen tension (1% O,) for 72 h. Cells were fixed, permea-
bilized, and then incubated with ProteoStat dye for 15 min.

The intensity of ProteoStat specific signal in each section
was measured from at least 50 villi from ten randomly
selected fields at x40 magnification using Image] software
(http://imagej.nih.gov/). The mean fluorescent intensity was
obtained by the signal intensity of the regions in the tropho-
blast layers divided by measured area.

Western blotting and nuclear and cytoplasmic protein
extraction

Cells were washed with cold PBS and lysed in a lysis buffer
containing 25 mM Tris-HCl, 150 mM NaCl, 1% sodium
deoxycholate, 1% NP40, and 0.1% SDS (RIPA Buffer
[10X], Cell Signaling Technology, 9806S) mixed with pro-
tease inhibitor cocktail (Roche, 0469316001), and 1% phos-
phatase inhibitor (Sigma-Aldrich, P5726). To isolate the
nuclear and cytosolic fractions, cell pellet was treated with
NE-PER Nuclear and Cytoplasmic Extraction Reagents
(ThermoFisher Scientific, 78833). Equal amounts of protein
were then subjected to western blotting. The polyvinylidene
difluoride membranes (BIO-RAD Laboratories, 162-0177)
were incubated for 1 h at room temperature in a 5% nonfat
dry milk blocking buffer (BIO-RAD Laboratories,
170-6404), overnight with primary antibodies at 4°C, and
then with secondary antibodies for 1 h. The blots were
visualized with an enhanced chemiluminescence detection
system (ECL detection kit; PIERCE, Rockford, IL, USA).
Only blots with exposure time within the linear range of
detection were used for quantification.

Statistical analysis

Results were presented as the mean + SEM. Comparisons
between experimental groups were performed using
a Student ¢ test or one-way ANOVA followed by Bonferroni
post hoc test, Fisher’s exact test or Wilcoxon rank-sum test.
Values of p < 0.05 were considered statistically significant. P
> 0.05 was considered not significant (ns).
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