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Nutrient sensing and adaptation in the placenta are essential for pregnancy viability
and proper fetal growth. Our recent study demonstrated that the placenta adapts to

nutrient insufficiency through mechanistic target of rapamycin (mTOR) inhibition—
mediated trophoblast differentiation toward syncytiotrophoblasts (STBs), a highly

Significance

The formation of multinucleated

specialized multinucleated trophoblast subtype mediating extensive maternal-fetal
interactions. However, the underlying mechanism remains elusive. Here, we unravel
the indispensable role of the mTORC1 downstream transcriptional factor TFEB in
STB formation both in vitro and in vivo. TFEB deficiency significantly impaired STB

syncytiotrophoblast (STB) through
cell fusion of cytotrophoblast, also
termed syncytialization, ensures

the proper placental structure and

differentiation in human trophoblasts and placenta organoids. Consistently, systemic
or trophoblast-specific deletion of 7feb compromised STB formation and placental
vascular construction, leading to severe embryonic lethality. Mechanistically, TFEB
conferred direct transcriptional activation of the fusogen ERVFRD- 1 in human tropho-
blasts and thereby promoted STB formation, independent of its canonical function as a
master regulator of the autophagy-lysosomal pathway. Moreover, we demonstrated that
TFEB directed the trophoblast syncytialization response driven by mTOR complex 1
(mTORCI) signaling. TFEB expression positively correlated with the reinforced troph-
oblast syncytialization in human fetal growth—restricted placentas exhibiting suppressed
mTORCI1 activity. Our findings substantiate that the TFEB-fusogen axis ensures proper
STB formation during placenta development and under nutrient stress, shedding light
on TFEB as a mechanistic link between nutrient-sensing machinery and trophoblast
differentiation.

functions. Nutrient insufficiency
and inactivation of the mechanistic
target of rapamycin complex 1
(mTORC1) in trophoblasts have
been shown to enhance STB
formation; however, the
underlying mechanism remains
elusive. Here, we showed that the
deficiency of a mTORC1
downstream transcriptional factor,
TFEB, significantly impaired STB
formation in human trophoblasts
and knock-out mice. TFEB
conferred direct transcriptional
activation of the fusogen ERVFRD-1
and thereby promoted trophoblast
syncytialization. Additionally, TFEB
expression positively correlated
with the reinforced trophoblast
syncytialization in human fetal
growth restriction placentas with
suppressed mTORC1 activity. Our
findings substantiate that the
TFEB-fusogen axis safeguards
proper STB formation during
placenta development.

syncytiotrophoblast | TFEB | ERVFRD-1 | human trophoblast stem cell | fetal growth restriction

The placenta is a complex organ that sustains successful pregnancy and embryonic devel-
opment throughout gestation by facilitating critical functions, ranging from nutrient and
gas transport to hormone production, immune tolerance, and pathogen restriction. To
fulfill these diverse functions, human trophoblast stem cells (hTSCs) give rise to highly
specialized trophoblast lineages, including cytotrophoblast (CTB), syncytiotrophoblast
(STB), and extravillous trophoblast (EVT) (1, 2). STBs which are bathed in maternal
blood are the largest multinucleated epithelial cells in humans. They line the placental
villi and constitute a continuous maternal—fetal interface that primarily governs the endo-
crine, nutritive, and protective functions of the placenta (3, 4). Emerging evidence suggests
that the STB not only simply facilitates nutrients traversing the placental barrier to the
fetus but also integrates placental growth and function in response to maternal and fetal
nutrient signals (5). STBs are formed and replenished through the cell fusion of
hTSC-featured mononucleated CTBs, also termed trophoblast syncytialization. Aberrant
STB formation disrupts structural and functional homeostasis of the placenta, which is
associated with devastating pregnancy complications such as preeclampsia and fetal growth
restriction (FGR) (6, 7).

To form syncytia, highly proliferative CTBs first exit the cell cycle and subsequently
undergo transcriptional reprogramming to active genes critical for trophoblast fusion and
STB formation, including transcriptional factors and fusogens (8, 9). SYNCYTIN1
(encoded by endogenous retrovirus group W envelope member 1, ERVW-I) and
SYNCYTIN2 (encoded by endogenous retrovirus group FRD member 1, ERVFRD-1),
the bona fide fusogens in the human placenta, bind to their corresponding receptors,
thereby spanning opposing plasma membranes of adjacent fusion-competent trophoblasts
and promoting membrane fusion (10-12). Trophoblast syncytialization is fine-tuned
by a comprehensive interplay of molecular and cellular events, including cytoskeletal
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and membrane remodeling, transcriptional program rewiring,
epigenetic regulation, and alteration of signaling pathways (13—
16). Our previous study revealed that amino acid deprivation and
inactivation of the mechanistic target of rapamycin complex 1
(mTORC1) in trophoblasts significantly enhanced syncytium
formation and the corresponding nutrient uptake through mac-
ropinocytosis, which allows the placenta to efficiently adapt to
nutrient insufficiency and ensure fetal growth during pregnancy
(17). However, the mechanisms underlying this nutritional regu-
lation of trophoblast syncytialization remain to be explored.

Transcriptional factor EB (TFEB), a basic helix-loop-helix
leucine zipper transcription factor, functions as a master regulator
of autophagy and lysosomal biogenesis, which binds directly to
the CLEAR (Coordinated Lysosomal Expression and Regulation)
motifs of target genes and drives gene expression in response to
nutritional and lysosomal stress (18). The activity of TFEB is
tightly controlled by nutrient availability and mTOR signaling.
In nutrient-rich conditions, the active n”TORC1 phosphorylates
TFEB at the surface of lysosomes, thus retaining TFEB in the
cytoplasm; Upon nutrient deprivation, TFEB is dephosphorylated
and translocated to the nucleus, driving the transcription of its
target genes (19). Emerging evidence highlights the importance
of TFEB in diverse physiological events, while dysregulated TFEB
activity contributes to the pathogenesis of several diseases, includ-
ing cancers, infections, neurodegenerative diseases, metabolic
disorders, and inflammatory diseases (20).

In this study, we identify an indispensable function of TFEB
in trophoblast syncytialization. Through a combination of loss-
and gain-of-function assays, we demonstrated that endogenous
TFEB expression is necessary for proper syncytialization in the
trophoblast cells and placenta organoids. Mechanistically, we pro-
filed specific TFEB target genes in trophoblasts and identified that
TFEB drives transcriptional activation of the fusogen ERVFRD- 1,
instead of the known autophagic and lysosomal genes, thereby
promoting trophoblast cell fusion. In keeping with these findings,
genetic deletion of 7feb in trophoblasts disabled STB formation
in mouse placentas, leading to severe placental dysfunction and
embryonic lethality. Furthermore, TFEB facilitates the STB for-
mation driven by mTORCI inhibition, which is associated with
excessive trophoblast syncytialization in the FGR placentas.

Results

Dynamic Changes in TFEB Expression during Trophoblast
Syncytialization. We have recently characterized augmented
trophoblast syncytialization in response to mTORCI inhibition
functions as an adaptation strategy to counteract the challenge of
nutrient scarcity during pregnancy (17). However, the mechanistic
link between mTORCI suppression and syncytium formation
remains unclear. Thus, we initially utilized publicly available RNA-
seq datasets to evaluate the expression of mTOR downstream
targets in CTBs versus STBs (21). We noticed that representative
mTOR downstream genes (i.e., RPS6KB1, TFEB, EIF4E, HIFIA,
LPINI, and GRB10) were more abundantly expressed in primary
CTBs and hTSC:s relative to their corresponding differentiated
STBs (SI Appendix, Fig. S14). Herein, we focused on the TFEB,
which is tightly regulated by mTORCI signaling and has recently
been proposed as a potential STB regulator (22).

To explore the significance of TFEB in trophoblast cell fate
specification, we illustrated the spatial expression of TFEB in the
human placenta. Immunofluorescent staining for TFEB, along
with canonical markers of different trophoblast subtypes (CDH1
for CTB, hCGp for STB, HLA-G for EVT), revealed that TFEB

expression was mainly restricted to CTBs compared with STBs
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and EVTs in the first-trimester placenta (Fig. 14 and ST Appendix,
Fig. S1B). To further verify the TFEB expression pattern in differ-
ent trophoblasts, we utilized the hTSC-derived human trophoblast
organoid (TO), which forms a self-organized spheroid structure
with sustained mononucleated CTBs at the surface and sponta-
neously differentiated STBs residing in the interior. We observed
that TFEB expression was confined to CDH1 positive CTBs
outlining the surface of TOs, whereas TFEB was nearly undetect-
able in the interior STBs (Fig. 1B).

In addition, we characterized the dynamic changes in TFEB
expression during trophoblast syncytialization using three troph-
oblast fusion models: primary human trophoblasts (PHTs), the
BeWo trophoblast cell line, and hTSCs (87 Appendix, Fig. S1C).
Mononucleated PHTs spontaneously underwent fusion within
24 to 48 h after plating, as indicated by an increased hCGp expres-
sion (Fig. 1C). Western blot showed that unfused PHTs (0 h)
displayed a higher abundance of TFEB expression, which markedly
declined as cell fusion proceeded over time (Fig. 1C). In the second
model, trophoblast fusion was progressively induced by continuous
forskolin (FSK) treatment in BeWo (S7 Appendix, Fig. S1C), ver-
ified by elevated expression of representative STB markers [includ-
ing ERVW-1, ERVFRD-1, glial cells missing transcription factor
1 (GCM1), and hCG] and a striking decrease in CDH1 expression
(SI Appendix, Fig. S1D). Accordingly, we observed a significant
decrease in both the RNA and protein levels of TFEB, concomitant
with the advancing formation of multinucleated BeWo cells (Fig. 1
D and E and SI Appendix, Fig. S1E). Given the advantages of
hTSCs in studying human trophoblast differentiation, we finally
evaluated TFEB expression in hTSCs and the corresponding
hTSC-derived STBs. As expected, the abundant TFEB expression
was significantly down-regulated once hTSCs underwent syncyt-
ialization at 72 to 96 h, coinciding with decreased TP63 expression
(a hTSC marker) and the upregulation of hCGp (Fig. 1 Fand G).
Taken together, the TFEB expression pattern in CTBs and STBs
suggests a potential regulatory role of TFEB in the process of troph-
oblast syncytialization.

TFEB Sustains Trophoblast Syncytialization. To elucidate the
function of TFEB in trophoblast syncytialization, we initially
conducted siRNA knockdown (KD) of 7FEB in BeWo, as verified by
qPCR and immunoblot (7 Appendix, Fig. S24 and Fig. 2C). Notably,
staining for CDH1 and hCG showed that 7FEB KD cells failed to
efficiently form multinucleated syncytia upon FSK stimulation (Fig. 2
A and B and SI Appendix, Fig. S2 B and C). Consistently, western
blot and qPCR of markers for CTB and STB further supported our
findings that TFEB deficiency significantly abolished STB formation
in BeWo (Fig. 2C and S Appendix, Fig. S2D). Furthermore, hCG
secretion, a hallmark of functional STB, was significantly suppressed
in the supernatant of KD cells (Fig. 2D). To corroborate our findings,
we constructed 7FEB knockout (KO) BeWo clones using CRISPR-
Cas9 genome editing technology (S/ Appendix, Fig. S2E). In line
with the above results, cell fusion was further impaired in 7FEB KO
cells, as assessed by immunofluorescent staining, western blot, and
hCG enzyme-linked immunosorbent assay (ELISA) measurement
(SI Appendix, Fig. S2 F-H). In addition, transcriptome analysis
revealed substantially altered transcriptome signatures in 7FEB KO
cells associated with compromised trophoblast fusion, including
dramatically repressed STB genes and the enrichment of down-
regulated differentially expressed genes (DEGs) in GO terms related
to placenta development, cell—cell junction, and Wnt signaling, the
pathways proven to play critical roles in trophoblast syncytialization
(SI Appendix, Fig. S2 I-K).

To complement our observation that TFEB deficiency impaired
trophoblast fusion, we next investigated whether TFEB overexpression

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2404062121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2404062121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2404062121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2404062121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2404062121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2404062121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2404062121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2404062121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2404062121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2404062121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2404062121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2404062121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2404062121#supplementary-materials

___sTB PHTs
E (hCG+.CDH1) Time(h) 0 24 48 |pa
: S, Te[@ R
g i (hCG-,CDH1+)
S ¢
E Bt Fetal Vessel 25
@
2
£ , D
= Fusion
= BeWo
B 2.0+
I DMSO FSK
CTB STB a
B CDH1 DAPI 2 159 p<0.0001 p=0.0005 p=0.0059
g — — —
()
104 —
e I
jel S
o STB © 0.5 —
e : 20 -
S L cTB k| =
o x 0.0 T T T
24h 48h 72h
E BeWo F G p=0.0077
STBs 2.0 p=0.0010
_24h  _48n  _72h hTSC 48h 72h 96h KkDa £=0.0150
[ —

FSk - + - + - + «kDa

TFEB [ 000 0 e - [~ 75

1.5 -l—

TFEB g™ W |75

COH! | e o= — | 440

COH1 [ g == 8 == w8 ==/ 119

TP63 | e a

L 75

hCG | - wml 25

hCG e 'ﬁl»%

0.5 T

-

Relative TFEB expression
9
1

ACTIN|— I —— —r 50

50
ACTIN | e e s e e |

hTSC 48h_72h 96
STB

Fig. 1. Dynamic changes in TFEB expression during trophoblast syncytialization. (A and B) Representative TFEB immunostaining in first-trimester placentas
(A) and TOs (B). Arrowheads, the nuclear expression of TFEB. Yellow arrowheads show the area with higher magnification displayed as inserts. Right panels,
schematic illustrations of first-trimester placental villi and TOs. (C) Western blot shows the expression of TFEB and hCGp in PHTs, which spontaneously fuse
into STBs after 24 h culture. (D) qPCR analysis of TFEB in Dimethyl sulfoxide (DMSO) or FSK-treated BeWo cells at the indicated time points of syncytialization.
n = 3. (E) Immunoblot analysis of TFEB, CDH1, and hCGp in BeWo cells treated with DMSO or FSK for 24 h, 48 h, and 72 h. (F) Immunoblot of TFEB, CDH1, TP63,
and hCGP in hTSCs and hTSCs-derived STBs (48 h, 72 h, and 96 h). (G) Quantitative gene expression analysis of TFEB during dynamic differentiation of STBs from

hTSCs. (n =5 for 96 h and n = 3 for others).

promotes trophoblast syncytialization. Remarkably, approximately
40% of BeWo cells with ectopic TFEB overexpression fused at 36 h
post-FSK treatment, whereas the corresponding fusion index in con-
trol cells was less than 10% (Fig. 2 E'and Fand SI Appendix, Fig. S2L),
suggesting that TFEB overexpression significantly potentiates the
progression of trophoblast syncytialization. Taken together, these find-
ings highlight that TFEB is indispensable for trophoblast cell fusion.

TFEB Is Necessary for hTSC Differentiation into STB, but Not
for EVT Differentiation. The aforementioned findings in the
trophoblast cell line prompted us to further examine whether TFEB
is also essential for h'TSCs differentiation into trophoblast subtypes,
which mainly follows the STB and EVT differentiation routes. To
this end, we generated 7FEB KO hTSCs clones as validated by
western blot and Sanger sequencing (S/ Appendix, Fig. S3 A and B).
First, we confirmed that TFEB-depleted hTSC:s displayed a normal
morphology identical to the controls (S Appendix, Fig. S3C), and
sustained stemness as evidenced by the indistinguishable expression
of hTSC hallmarks (TP63, TEAD4, and GATA3) (SI Appendix,
Fig. S3 A and D). Akin to TFEB KO BeWo cells, disruption of
TFEB abrogated STB differentiation in 2D hTSCs culture (Fig. 2
G and H). Accordingly, STB markers (including SDC1, GCMI,
ERVFRD-1, and hCGp) were robustly repressed in the 7FEB
KO hTSCs cultured under the STB differentiation condition
(Fig. 2 7and /). Next, we further analyzed the impact of TFEB on
STB differentiation in 3D TOs, where STB spontaneously forms
independent of exogenous treatment. Control hTSCs cultivated
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in 3D formed typical architectures of well-organized TOs with
SDCl1-positive STBs within the organoid cavity (Fig. 2K and
SI Appendix, Fig. S3 E-G). In contrast, the interior of 7FEB KO
organoids was predominantly occupied by CDH1+ CTBs instead
of well-differentiated STBs (Fig. 2K and ST Appendix, Fig. S3 E-G).
Nevertheless, this is not due to differences in cell growth upon TFEB
deletion, as the KO organoids retained normal sizes (S Appendix;
Fig. S3H). We subsequently asked whether the regulatory effect of
TFEB on STB differentiation relies on its nuclear translocation and
function. Indeed, the exogenous overexpression of wild-type (WT)
TFEB or a constitutively active form of TFEB (TFEB-S211A)
significantly rescued the impaired syncytialization phenotype, whereas
the inactivation TFEB mutant with the deletion of nuclear localization
signal (TFEB-ANLS) retained in the cytoplasm did not ameliorate
cell fusion defects in the 7FEB KO hTSCs (Fig. 2 L and M).
Opverall, these data suggest that TFEB is an essential regulator of
STB differentiation, prominently relying on its nuclear localization.

To investigate whether TFEB also affects EVT differentiation,
we subjected 7FEB KO hTSCs to the EVT differentiation
medium and found that they were able to form typical spindle-
shaped HLA-G positive EVTs (S Appendix, Fig. S31). Additionally,
the expression of EVT markers (HLA-G, PLACS, ITGAI,
MCAM, and MMP2) showed no difference between 7FEB KO
and control hTSC-derived EVTs (81 Appendix, Fig. S3 ] and K).
In line with the observation from 2D EVT cultures, 7FEB-depleted
TOs also presented mesenchymal spindle-shaped EVT outgrowth
in response to the EVT® condition (81 Appendix, Fig. S3L). In
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summary, TFEB is necessary for STB differentiation from hTSCs
but is dispensable for EVT lineage specification.

TFEB Facilities the STB Formation Driven by mTORC1 Signaling.
Our previous study demonstrates that mTORCI inhibition is
a determinant of reinforced trophoblast syncytialization during
pregnancy (17). Here, we observed that mTORCI suppression
by rapamycin treatment remarkedly promoted the nuclear
sequestration of TFEB (SI Appendix, Fig. S4A). Thus, we
simultaneously modulated the activity of mMTORCI1 and TFEB
to explore whether TFEB mediates the STB formation driven
by the mTORCI nutrient signaling. Trophoblast fusion assay
revealed that rapamycin-induced excessive STB formation is
completely blunted upon TFEB depletion (S] Appendix, Fig. S4B).
Consistently, the treatment of trehalose, a TFEB agonist promoting
TFEB nuclear translocation, successfully rescued the impaired STB
differentiation in TOs induced by mTORCI activator MYH 1485
(SI Appendix, Fig. S4 C and D). These findings together suggest
that TFEB not only endogenously sustains STB differentiation
capacity but also directs the trophoblast syncytialization response
driven by mTORCI signaling and nutrient stress.

TFEB-Mediated Trophoblast Syncytialization Is Independent
of the Autophagy Lysosomal Pathway. Canonically, TFEB
has been shown to directly bind to CLEAR elements, thereby
orchestrating the expression of genes essential for the autophagy
pathway and lysosomal biogenesis (SI Appendix, Fig. S5A)
(23). Thus, we speculated whether TFEB governs trophoblast
syncytialization through transcriptional regulation of lysosomal
and autophagic genes. To explore this, we examined the expression
of genes related to lysosomal biogenesis and autophagy during
STB formation (SI Appendix, Fig. S5 B—D). We found certain
known TFEB target genes of the autolysosomal pathway, such as
P62 and ATG16L1, were indeed down-regulated in 7FEB KO
cells, whereas the expression of other autophagy or lysosomal genes

(including ATG14, BECLIN1, LAMP1, and CTSD) did not alter

PNAS 2024 Vol.121 No.28 2404062121

both at steady state or following FSK treatment (S/ Appendix,
Fig. S5 B-D). Next, we investigated whether the TFEB deletion
in trophoblasts affects lysosome biogenesis and function using
multiple assays. LAMP1 staining revealed that TFEB deficiency
did not change the number of lysosomes (Fig. 34). Likewise,
the fluorescence intensity of LysoTracker, an acidotropic probe
indicating lysosomal acidification, was similar in 7FEB KO
cells versus control cells (Fig. 3B). Simultaneously, we analyzed
lysosomal function using DQ-BSA, a dye that indicates active
proteolysis in lysosomes. The DQ-BSA intensity revealed that
lysosomal activity sustains upon TFEB deletion (Fig. 30C).
Furthermore, we assessed the impact of TFEB on autophagic
activity and found that 7FEB KO cells harbored a similar amount
of LC3 puncta compared to control cells (SI Appendix, Fig. S5E).
In summary, TFEB deficiency did not affect the number, acidity,
and proteolysis function of lysosomes, as well as autophagic
activity in trophoblasts. These results imply that compromised
STB formation in 7FEB KO cells might not be attributed
to attenuated autophagic activity or lysosomal dysfunction.
To further support this hypothesis, we blocked autophagic
or lysosomal activity through pharmacological treatments of
lysosome inhibitors (CQ or BafA1) or siRNAs targeting critical
autophagy and lysosomal genes. Cell fusion assay revealed that
blocking autolysosomal pathways is not sufficient to recapitulate
the impaired syncytialization phenotype in 7FEB KO cells (Fig. 3
D-F and SI Appendix, Fig. S5F). Our evidence suggests that
TFEB appears to regulate trophoblast syncytialization through a
mechanism independent of the autolysosomal pathway.

Identification of ERVFRD-1 As a Target Gene of TFEB Responsible
for Guarding Trophoblast Syncytialization. To pinpoint the putative
TFEB target genes responsible for trophoblast syncytialization,
we conducted RNA-seq and genome-wide TFEB chromatin
immunoprecipitation followed by sequencing (ChIP-seq) analysis.
408 genes conceiving TFEB binding within their corresponding
transcription start site (TSS) were identified by TFEB ChIP-seq. We
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by the EGFP immunofluorescence in the corresponding lower panels.

specifically overlapped the down-regulated genes in 7FEB KO cells
with the genes exhibiting TFEB binding enrichment, which gave
rise to a cluster of 38 potential TFEB downstream targets (Fig. 44
and 87 Appendix, Fig. S6A). Among these genes, we observed
previously established TFEB targets in other biological systems (i.e.,
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BHLHF40, SQSTM1, RRAGC, PPT1, UAPILI, and HMOXI)
(24-27) (SI Appendix, Fig. S6 A and B), proving the robustness
of our sequencing data. Intriguingly, we observed the enrichment
of TFEB binding in the promoter region of the ERVFRD-1
gene (Fig. 4B), a well-characterized fusogen facilitating human
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trophoblast syncytialization (8, 28), which led us to hypothesize
that TFEB might directly regulate the transcription of ERVFRD-1
in human trophoblasts. Notably, unlike ERVFRD-1, we did not
observe TFEB binding at the promoters of ERVW-1, ERVV-1, or
ERVV-2 (SI Appendix, Fig. S6B), highlighting the specificity of TFEB-
mediated transcriptional regulation on ERVFRD-1. Therefore, we
next compared the transcriptional changes of ERVFRD-1 upon TFEB
deletion at steady state or after FSK stimulation. The qPCR data
illustrated a significant attenuation of ERVFRD-I transcription after
TFEB loss in trophoblasts (Fig. 4Cand S/ Appendix, Fig. S6D), whereas
the overexpression of WT-TFEB and TFEB-S211A significantly
potentiated ERVFRD-1 expression (SI Appendix, Fig. S6C).

To further verify that ERVFRD-1 is a direct transcriptional
target of TFEB, we transfected 293T cells with the predicted
ERVFRD-1 promoter sequence and evaluated the luciferase activ-
ity in response to exogenous TFEB. The luciferase assay data
revealed that TFEB overexpression induced a pronounced and
dose-dependent increase in the promoter activity of ERVFRD-1
(Fig. 4D). Consistently, TFEB KO STBs displayed an extremely
lower luciferase intensity compared with the WT controls
(Fig. 4E). TFEB has previously been shown to directly bind to the
CLEAR element (SI Appendix, Fig. SGE), thereby driving the tran-
scription of corresponding genes (26). Bioinformatics analysis on
ChIP-sequencing data revealed two typical CLEAR motif
sequences, the proximal and distal binding sites, within the
ERVFRD-1 promoter. The combined deletion of both sequences
completely abolished the TFEB-induced transcriptional activation
(Fig. 4F). Additionally, a more substantial decline in luciferase
intensity was observed in the distal mutant promoter, compared
with the one carrying a truncation of the proximal binding site
(Fig. 4F). These results suggest that the distal CLEAR motif
upstream of ERVFRD- 1 exhibits more potent activity in transcrip-
tional induction. Consistent results were also observed in hTSCs
(Fig. 4G). Altogether, these data indicate that TFEB promotes
ERVFRD-1 transcription through direct binding to the upstream
CLEAR motifs.

Given that GCM1 could regulate ERVFRD- 1 expression (29),
we investigated the relative contributions of GCM1 and TFEB to
the transcriptional induction of ERVFRD-1. First, we examined
the regulatory effect of TFEB on GCM1 expression and vice versa.
RNA-seq data revealed a robust upregulation of GCM1 in 7FEB
KO cells treated with FSK, implying that TFEB does not affect
GCM1 expression (S Appendix, Fig. S2]). In addition, we
employed CRISPR-Cas9 engineering to delete GCM1 in BeWo
cells (87 Appendix;, Fig. S6 G and H). qPCR results showed a com-
parable TFEB level in GCM1 KO cells compared with controls
(SI Appendix, Fig. S61). These findings together imply no recip-
rocal regulation between GCM1 and TFEB at the transcriptional
level. Furthermore, we demonstrated that endogenous GCM1
depletion was not sufficient to suppress the induction of
ERVFRD-1 by FSK treatment, which is further supported by the
observation that full-length TFEB could successfully activate
ERVFRD-1 expression in the absence of GCM1 (Fig. 4H and
SI Appendix, Fig. S6 D and F). Consistently, overexpression of
GCM1 failed to adequately restore the diminished ERVFRD-1
expression in 7FEB KO cell lines (S Appendix, Fig. S6/). In sum-
mary, our data suggest that TFEB acts on ERVFRD-1 expression
independently of GCM1.

We next ascertained whether genetic reestablishing
ERVFRD-1 expression could sufficiently reverse the syncytial-
ization defects induced by TFEB deficiency. We transfected
TFEB KO hTSC lines with exogenous SYNCYTIN2 and
assessed the capacity of trophoblast fusion. Intriguingly, we
found that restored SYNCYTIN2 expression effectively rescued
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the phenotypes of compromised trophoblast syncytialization
(Fig. 41), providing strong evidence that ERVFRD-1 is the
definitive TFEB target gene responsible for guarding human
trophoblast syncytialization in vitro.

Loss of Tfeb in Mice Dampens Normal Placental Development.
To elucidate the in vivo functional significance of Tfeb, we first
generated and analyzed mice globally null for 7feb (hereafter
referred to as Tfeb ™). In line with the embryonic lethality
phenotype in the Tfeb™ attributed to vascularlzatlon defects
(30), we observed embryonic demise of the Tfeb_ " fetus at E10.5
to E11.5 with improper placental development. To delineate
detailed placental defects caused by Tfeb deletlon we performed
histological analyses of both 7feb**and Tfeb™~ placentas between
E8.5 and E11.5 (Fig. 5B and SI Appendix, Fig. S7A). The mature
mouse placenta is mainly composed of three distinct trophoblast
layers, including trophoblast giant cell (TGC) layer, junctional
zone [with spongiotrophoblast (SpT) and glycogen trophoblast
(GlyT)] and labyrinth, among which the labyrinth layer
predominantly facilitates nutrient and gas, exchange between the
mother and fetus (Fig. 54). E11.5 Tfeb placenta exhibited a
thinner labyrinth with malformation of placental vasculatures,
shown by significantly diminished fetal blood vessels containing
primitive nucleated erythrocytes (Fig. 5B) and disorganized
endothelium of fetal blood vessels (Fig. 5C). In contrast to the
labyrinth, the overall structure and marker expression of the
TGC layer and junctional zone sustained in the mutant placentas
(81 Appendix, Fig. S7 Band C). At the onset of labyrinth formation
around E8.5, the allantois attaches and fuses with the chorion,
triggering fetal blood vessels to branch and invaginate into the
chorionic trophoblasts. This process subsequently gives rise to
fetal capillaries, separated from maternal sinusoids by a layer of
mononuclear trophoblasts and two layers of STBs, termed STB
layer I (SynT-I) and STB layer I (SynT-II) respectively (Fig. 5A)
(31). We observed that chorioallantoic attachment at E8.5 and
the initiation of fetal vessel branching at E9.5 in 7feb ™" appeared
normal (87 Appendix, Fig. S7A), which implies that the labyrinth
defects caused by Tfeb deficiency at E11.5 are likely attributed
to the aberrant progression of branching morphogenesis and
vascularization in the chorionic plate at later stages.

Trophoblast-Specific TFEB KO Mice Phenocopy Tfeb™~ Mice. Since
the maturation of placental vasculatures is tightly orchestrated with
trophoblast differentiation, we next evaluated detailed trophoblast
phenotypes within the labyrinth. Interestlngly, we noted densely
packed patches of trophoblasts in the 7fe6”" labyrinth at the
expense of fetal capillary spaces by immunofluorescent staining
of a trophoblast marker pan-Cytokeratin (pan-CK) (Fig. 5D),
Wthh led us to speculate that the labyrinth abnormality in
Tfeb”" placentas primarily results from impaired trophoblast
differentiation. To test this hypothesis, we first leveraged the
recent single nuclei RNA sequencing (snRNA-seq) data of mouse
placenta to characterize 7feb expression in different cell types in
WT placentas (32). Notably, snRNA-seq analysis verified that
Tfeb was predominantly expressed in trophoblasts but scarcely
in endothelium or other cell types at the maternal-fetal interface
(Fig. 5E). Concordantly, immunohistochemistry staining further
confirmed the exclusive Tfeb expression pattern in labyrinth
trophoblasts from E8.5 to E11.5 (Fig. 5F). Specifically, Tfeb
expression was localized to the distal side of the chorion plate at the
chorioallantoic attachment and fusion stage (E8.5), shifting to the
trophoblasts covering the tips of the chorionic branches elongate at
E9.5 and becoming ubiquitous in labyrinth trophoblasts at E11.5
(Fig. 5F). However, Tfeb expression in the endothelium lining
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Fig. 5. Trophoblast-specific deletion of TFEB renders aberrant development of placental labyrinth. (A) Schematic diagram illustrating the structure and cell
composition of mouse placenta. (B-D) Representative H&E (B), laminin (C), and pan-CK (D) staining of Tfeb”+ and Tfeb”’ placenta at E11.5. Black arrowhead, fetal
capillary (f); yellow arrowhead, maternal sinus (m). Laminin is a marker of fetal blood vessel endothelium and pan-CKiis a trophoblast marker. (E) Tfeb expression
in different cell types illustrated by a single-cell atlas of WT mouse placenta using published snRNA-seq data. Left panel, the uniform manifold approximation
and projection (UMAP) plot of major cell types in WT placentas. Right panel, UMAP plot displaying the distribution and relative Tfeb expression in different cell
clusters. (F) Representative immunohistochemical images of Tfeb in mouse placentas. (G) Pie chart showing the proportion of live offsprings from trophoblast-
specific TFEB KO mice. (H and /) Representative H&E stains (H) and immunohistochemical staining for laminin (/) of Tfebf/f and Tfebd’d placentas at E11.5. EPC,
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fetal capillaries remained consistently undetectable (Fig. 5F). These To further ascertain whether Tfeb functions in a trophoblast
observations suggest that the defective placental developmentin  cell-autonomous manner to sustain placental and fetal development,
Tfeb mutant mice is directly caused by the deleterious effects of ~ we generated trophoblast-specific 7feb KO mice (designated as
Tfeb deletion in labyrinth trophoblasts. Yﬁbd/d) by cross-breeding 7feb-flox mice (Yﬁbﬂ % with Elf5-Cre mice
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(Fig. 5G). The successful 7feb deletion specifically in trophoblasts
was verified by immunohistochemistry staining (S/ Appendix;
Fig. S7D). Genotype examination of the live newborns at birth
indicated that trophoblast-specific 7feb deletion is sufﬁaent to cause
embryonic lethality (Fig. 5G). The yolk sac of 7fz6” mutants at
E11.5 exhibited paleness and was devoid of blood vessel branching
(SI Appendix, Fig. S7E), with concomitant diminished vascular net-
works in the corresponding placentas. In addition, Yfeb concep-
tuses displayed severe fetal growth retardation and demise at E11.5
(81 Appendix, Fig. S7P) consistent with embryonic demise pheno-
types in the Tfeb”™ mutants. H&E and Lammln staining revealed
underdeveloped fetal vasculatures in the Yﬁb placenta (Fig.5 H
and /), fully recapitulating the phenotypes in systemic 7feb null
placentas. In summary, our findings suggest that the embryonic
lethality phenotype identified in 7feb KO mice is prominently
attributed to the essential roles Tfeb plays in labyrinth trophoblast
differentiation.

Tfeb Is Required for SynT-1 Formation during Mouse Placental
Development. To uncover how Tfeb signaling governs trophoblast
differentiation, we performed RNA-seq analysis on the E9.5 and
E11.5 placentas to define the transcriptome signature in 7feb KO
placentas. The RNA-seq data showed 22 up-regulated and 247
down-regulated genes in the E9.5 mutant placentas compared
with controls, whereas 1,019 genes were down-regulated at E11.5
(Fig. 64 and SI Appendix, Fig. S8A). Gene set enrichment analysis
on the down-regulated DEGs highlighted significant enrichment
of genes associated with placental development and angiogenesis
in Tfeb null placentas (SI Appendix, Fig. S8 B and C). Strikingly,
we found robust downregulation of marker genes for SynT-I
(including Slc16al, Tfre, Tgfa, and Syna) and SynT-1I (Geml
and Slc1643) in KO placentas (Fig. 6B), while markers for TGCs
and SpT showed no difference. qQPCR of trophoblast markers
confirmed these findings in both systemic and trophoblast-specific
Tfeb KO placentas (ST Appendix, Fig. S8 D and E). Thus, we
speculated that 7féb ablation may predominantly obstruct the
formation of the STBs.

To investigate whether Tfeb depletion leads to aberrant devel-
opment in both STB lineages, SynT-I and SynT-II, we employed
the snRNA-seq to verify the expression of 7feb in STB bilayers.
We noticed abundant 7feb expression in SynT-I and SynT-I pre-
cursors, rather than in SynT-II and its corresponding precursors
(Fig. 6 Cand D). In addition, coimmunofluorescence for mono-
carboxylate transporter 1 (Mctl; a marker for SynT-I) and Tfeb
clearly showed their precise colocalization (S Appendix, Fig. S8F).
Consistently, in situ hybridization (ISH) results demonstrated that
in WT placentas 7feb was coexpressed with Syna, the fusogen
specifically regulating SynT-I formation, instead of the SynT-II
gene Geml at E8.5 (ST Appendix, Fig. S8 G and ). Collectively,
these data suggest that Tfeb may be uniquely required for the
development of the SynT-I lineage.

To support this speculation, we intersected the top-down-
regulated genes in E9.5 mutant placentas with the markers for
different trophoblast subtypes. Strikingly, the most significantly
repressed genes in KO placentas were predominantly enriched in
the SynT-I precursor and SynT-I, rather than SynT-II and other
trophoblast lineages, highlighting a more severe impact on the
development of SynT-I (Fig. 6D). Remarkably, immunofluores-
cence staining further revealed the invariable disappearance of
Mctl-positive SynT-I cells in E11.5 Tfeb global and conditional
KO placentas, affirming that Tfeb is crucial for the differentiation
of SynT-I (Fig. 6 £ and F). In addition, transmission electron
microscope images illustrated a single layer of STB and disorgan-
ized trophoblast cells in Tfeb-deficient placentas, contrasting with
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the STB bilayer structure in WT counterparts (S Appendix,
Fig. S8 H). Although there were also partially diminished SynT-II
cells present in 7feb mutant placentas, we assumed that impaired
SynT-II differentiation may be secondary to the underdifferenti-
ated SynT-I, given the exclusive Tfeb expression in SynT-I cells.
Indeed, double immunofluorescence staining for Mct1 and Mct4
revealed that E9.5 7feb KO placentas are completely devoid of
SynT-I cells but preserving relatively normal SynT-II trophoblasts
(SI Appendix, Fig. S81), implying that the defective SynT-I for-
mation in the 7feb KO chorion predisposes the occurrence of
disrupted SynT-II differentiation.

Given that the phenotype of compromised SynT-1 formatlon
in Tfeb mutant mice showed striking similarity with the Syza™
placenta (33), we postulated that Tfeb deficiency might affect the
expression of Syna in the process of SynT-I differentiation. ISH
staining revealed that Syna mRNA disappeared from the chorion
plate in 7feb KO placentas (Fig. 6G and SI Appendix, Fig. S8)).
Luciferase assay results illustrated that the Syna promoter sequence
with CLEAR motifs responded to Tfeb overexpression (Fig. 6H).
Collectively, evidence from KO mice identifies Tfeb as an essential
regulator of SynT-I differentiation in vivo, the dysfunction of
which results in a wide spectrum of trophoblast and vascular
defects.

Elevated TFEB Expression Correlates with Augmented Trophoblast
Syncytialization in Human FGR Placentas. Building upon our
previous study, which unveiled a significant reinforcement of
trophoblast syncytialization in response to nutrient scarcity and
mTOR inhibition in FGR placentas (17), we next sought to
explore whether TFEB is relevant to this phenotype. A comparative
analysis of TFEB, SYNCYTIN2, and p-S6K (the mTORCI1 activity
hallmark) expression was conducted in FGR and healthy gestational
age-matched control placentas (S Appendix, Fig. S9A). Consistent
with our previous findings (17), western blot analysis of p-S6K/
S6K confirmed the suppression of mTORCI signaling in FGR
placentas (87 Appendix, Fig. S9 A and B). Concomitantly, elevated
levels of TFEB and STB maker SYNCYTIN2 were observed in
the FGR placentas by 80% and 70%, respectively (SI Appendix,
Fig. S9 A and B). Statistical analysis further revealed a positive
correlation between TFEB and SYNCYTIN2 expression, aligning
with the regulatory influence of TFEB on ERVFRD- 1 (SI Appendix;
Fig. S9C). Moreover, we verified more intense nuclear TFEB
signals in the FGR placentas exhibiting excessive STBs as verified
previously, particularly in the CTBs prone to fusion (S/ Appendix,
Fig. S9D). These results substantiate a close correlation between
elevated TFEB activity and enhanced trophoblast syncytialization in
response to nutrient insufficiency in FGR placentas, implying that
TFEEB is intricately associated with placental adaptation to nutrient
insufficiency in FGR.

Discussion

In this study, we demonstrate comprehensively in cell and mouse
experiments that TFEB acts as a key transcriptional factor that
controls STB differentiation (Fig. 6/). In contrast to TFEB’s
canonical function as a master regulator of the autolysosomal
pathway, TFEB confers direct transcriptional regulation of its
target gene ERVFRD-1 in human trophoblasts, thereby promoting
trophoblast fusion. In mice, depleting 7féb specifically in troph-
oblasts hinders the differentiation of STBs, most strikingly in the
SynT-I lineage, leading to extensive placental defects and embry-
onic lethality. In summary, our findings underscore an autophagy-
lysosomal pathway-independent function of TFEB in placenta
development, which illuminates the mechanism underlying the
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cross talk between placental development and nutrient-sensing
machinery during pregnancy.

Trophoblast syncytialization is a finely orchestrated process that
relies on transcriptional programming, membrane remodeling,
and epigenetic and metabolic regulation (13, 14, 16, 34). We
recently demonstrated that nutrient insufficiency and mTORCI1
inhibition profoundly enhance the formation of placental syncy-
tium, thereby counteracting nutrient scarcity stress to sustain fetal
growth (17). However, there is no experimental evidence on how
trophoblast transforms the mTORCI nutrient signal into troph-
oblast differentiation response. Our study not only demonstrates
the critical role of endogenous TFEB in sustaining proper troph-
oblast syncytialization under normal developmental conditions
but also uncovers a coupling between TFEB activation and exces-
sive trophoblast syncytialization in response to nutrient stress
signaling. Besides mTORCI, other kinases, including ERK2,
AMPK, AKT, and GSK3, also control the phosphorylation and
the intracellular localization of TFEB. In addition to phosphoryl-
ation, TFEB activity undergoes extensive regulation through var-
ious post-translational modifications, such as acetylation,
ubiquitination, and SUMOylation (35). Consequently, any dis-
ruptions caused by these modifications in TFEB expression or
activity, beyond responses to nutrient availability, such as those
arising from lysosomal stress, transcriptional dysregulation, abnor-
mal cytokine response, and hypoxia, could potentially impact STB
differentiation and placental development via TFEB signaling.
Moreover, we observed dynamic changes in TFEB RNA levels
during the process of trophoblast syncytialization. Emerging evi-
dence has shown that TFEB activity is controlled at the transcrip-
tional level in a cell type—specific manner. Further investigation
is required to understand the complex transcriptional regulation
of TFEB in placentas.

Mechanistically, our study illustrates that the pro-syncytialization
effects of TFEB are mediated through the transcriptional activation
of trophoblast fusogens. TFEB canonically acts as a master transcrip-
tional factor for autophagy and lysosomal biogenesis by driving the
expression of critical autophagy and lysosome genes (25, 26). Recently,
emerging evidence also highlights autophagy-lysosomal-independent
roles of TFEB in various physiological and disease conditions (36-38).
Here, our study identified that ERVFRD-1 is a TFEB target gene
governing trophoblast syncytialization and placenta development. In
addition to TFEB, previous studies have shown that ERVFRD-1
expression is also profoundly controlled by protein kinase A signaling
and GCM1 in the trophoblast cell line (9). Nonetheless, we compared
the relative contribution of GCM1 and TFEB to ERVFRD- I expres-
sion and confirmed that TFEB displayed much greater regulatory
efficiency than GCM1, which highlights the importance of the TFEB
signaling in STB differentiation. In addition, the consistent pheno-
types of TFEB-mediated syncytialization and the similar transcrip-
tional regulatory effect of TFEB on trophoblast fusogens both in
humans and mice conceivably imply that this conserved gene regula-
tion machinery for sustaining trophoblast syncytialization may be
preserved over evolution as a fundamental mechanism beneficial for
the development and function of hemochorial placentas.

Previous studies have shown that the homozygous 7feb mutant
is embryonic lethal, likely due to abnormal placental vasculariza-
tion (30). Our study further expands on these findings and
demonstrates that trophoblast-specific deletion of 7feb is sufficient
to fully recapitulate the phenotypes observed in whole-body KO
mice. Given the exclusive Tfeb expression pattern in mouse STB
lineages rather than endothelium, we propose that the aberrant
STB formation is the primary cause of the embryonic lethality in
Tfeb mutants. Unlike the single STB layer in human placentas,
the interhemal membrane separating maternal and fetal blood
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compartments in the mouse labyrinth is constituted by two inti-
mately juxtaposed layers of SynT-I and SynT-II (31). Accumulating
studies have identified genes functionally important for SynT-II
formation by leveraging genetically modified mouse models,
including mutants of Gem1, Synb, Fzd5, and Tinem16f(39-42).
However, the molecular mechanisms underlying SynT-I differen-
tiation are relatively limited and mostly speculative. Our current
study provides strong experimental evidence supporting Tfeb’s
role as a SynT-I transcriptional factor. Notably, the 7feb mutant
phenotype closely resembles that of Syna, which serves as a bona
fide fusogene governing mouse SynT-I development in coopera-
tion with its receptor Ly6e. Given our finding that Tfeb could also
directly promote the expression of Syna, we postulate that the
Tfeb-Syna axis working in concert finetunes the transcriptional
regulation of SynT-I formation, while it should be noted that the
phenotypes in the Tfeb deficient placentas appear to be slightly
more severe than the Syna'/_ and LyGe_/' mutants (33, 43).
Nevertheless, we also observed impaired SynT-II formation in
Tfeb KO placentas. Akin to the 7feb mutants, previous studies
revealed that the deletion of SynT-I-specific genes, including Syna,
LyGe, and Ap11a, is also accompanied by SynT-II destruction of
variable severity. Our data showed that the defective SynT-I for-
mation in 7feb KO placentas was prior to the occurrence of
SynT-II defects, which implies that SynT-1I malformation is likely
secondary to the SynT-I defects in 7feb KO mice. Although recent
evidence, especially from single-cell transcriptome analysis (32),
suggests that SynT-I and SynT-II originate independently from
their corresponding progenitors, our findings suggest the forma-
tion of these two adjacent STB layers seems to be mechanistically
intertwined. The molecular mechanism underlying the interplay
between these two layers required further investigation. Moreover,
we identify Tfeb as a transcriptional factor governing SynT-I for-
mation, which may also exert indirect impacts on organizing the
development of vasculature networks in the mouse placenta. The
molecular cross talk between trophoblasts and endothelium, such
as Vegfa signaling mediated interactions, needs to be further stud-
ied under the condition of Tfeb deficiency.

We observed that elevated TFEB expression scale with the upreg-
ulation of the STB maker in human FGR placentas, which suggests
that TFEB may be the key player driving the placental adaptation
to nutrient insufficiency in FGR placentas. Moreover, impaired
trophoblast syncytialization has been observed in preeclampsia
placentas (44). Concomitantly, TFEB expression and its nuclear
translocation were significantly reduced in preeclamptic tropho-
blasts (45). However, whether low TFEB expression also contrib-
utes to defective syncytium formation in preeclampsia and the
corresponding mechanisms requires further investigation. The
manipulation of the TFEB signaling may be of biomedical rele-
vance for treating human pregnancy complications characterized
by aberrant STB differentiation. Trehalose, a naturally occurring
disaccharide, has recently gained extensive attention as a TFEB
agonist to mitigate diseases related to lysosomal disorders (46). In
the present study, we unveil a role of trehalose in reinforcing troph-
oblast syncytialization in vitro. Therefore, the in vivo function and
clinical potential of trehalose treatment in pregnancy diseases merits
further exploration.

In summary, our study uncovers an indispensable role of TFEB
in human and mouse placenta development by regulating the
transcription of trophoblast fusogens and safeguarding trophoblast
syncytialization. This finding offers valuable insights into the inter-
play between cell signaling response to nutrient viability and
trophoblast syncytialization, which opens broad avenues for stud-
ying placenta development and etiologies of pregnancy compli-
cations from the perspective of nutritional regulation.
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Materials and Methods

Mice. All mouse studies were reviewed and approved by the Xiamen University
Laboratory Animal Center (XMULAC20210168). The Tfeb-null mice (Treb™~;
#1016716)and Tfeb™™ (Tfeb™ #1015917) mice were generated by GemPharmatech
Co., Ltd. Trophoblast-specific ablation of Tfeb was achieved by crossing Tfeb™ mice
with transgenic mice expressing Cre-recombinase driven by the EIf5 promoter (E/f5-
Cre), provided by Haibin Wang's lab at Xiamen University (47). Tfeb”* EIf5"* mice
were mated with Tfeb”EIf5™* mice to generate offspring with a specific deletion of
Tfeb in trophoblasts (referred to as Tfeb™ mice). All mice used in this study were kept
at C57BL6 background and maintained in a specific pathogen-free animal facility.
For mating experiments, male and nulliparous female mice aged between 8 and
12 wk were cohoused, and embryonic day 0.5 (E0.5) of pregnancy was defined as
the first observation of a vaginal plug. Mice were genotyped by PCR of genomic
DNA extracted from tails or toes using the primers listed in S/ Appendix, Table S1.

Human sample collection, cell culture and cell fusion, RNA interference and
generation of CRISPR knock-out cell lines, molecular cloning and overexpression,
Luciferase assay, immunoblot analysis, RNA extraction and gPCR, ChIP-seq, RNA
seq, cell immunofluorescence staining, histology and immunostaining, ISH,
ELISA, statistical analysis, and data availability.

The corresponding detailed protocols and information can be found in
Sl Appendix, Materials and Methods.

Data, Materials, and Software Availability. RNA-seq and ChIP-seq have been
deposited in Gene Expression Omnibus (GEO accession no. GSE252254) (48).
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