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Abstract

The mouse preimplantation embryo is sensitive to its environment including maternal
dietary protein restriction which can alter the developmental programme and affect
lifetime health. Previously, we have shown maternal low protein diet (LPD) causes
reduction in blastocyst mTORC1 signalling coinciding with reduced availability of
branched-chain amino acids (BCAAs) in surrounding uterine fluid. BCAA deficiency
leads to increased endocytosis and lysosome biogenesis in blastocyst trophectoderm
(TE), a response to promote compensatory histotrophic nutrition. Here, we first
investigated the induction mechanism by individual variation in BCAA deficiency in an
in vitro quantitative model of TE responsiveness. We found isoleucine (ILE) deficiency
as the most effective activator of TE endocytosis and lysosome biogenesis, with less
potent roles for other BCAAs and insulin; cell volume was also influential. TE response
to low ILE included upregulation of vesicles comprising megalin receptor and
cathepsin-B and the response was activated from blastocyst formation. Second, we
identified the transcription factor TFEB as mediating the histotrophic response by
translocation from cytoplasm to nucleus during ILE deficiency and in response to
mTORCT1 inhibition. Lastly, we investigated whether a similar mechanism responsive to
maternal nutritional status was found in human blastocysts. Blastocysts from women
with high body-mass index, but not the method of fertilisation, revealed stimulated
lysosome biogenesis and TFEB nuclear migration. We propose TE lysosomal phenotype
as an early biomarker of environmental nutrient stress that may associate with long-

term health outcome.
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Introduction

The preimplantation embryo can sense the levels of maternal tract nutrients in vivo and adjust
its phenotype and its developmental programme to match these conditions and so aid
survival. Thus, maternal dietary protein restriction induces the mouse blastocyst to upregulate
trophectoderm proliferation, endocytosis, and subsequent cellular motility and invasiveness at
implantation, leading to increased placental efficiency, a combination of adaptations
protecting development and offspring competitiveness (Coan, et al. 2011, Eckert, et al. 2012,
Sun, et al. 2014, Watkins, et al. 2015). However, whilst nutrient sensing derived from poor
maternal diet may activate early compensatory responses, these also associate with later life
chronic disease risk of offspring across impaired growth, cardiometabolic and neurological
morbidities (Gould, et al. 2018, Lanham, et al. 2020, Watkins, et al. 2011, Watkins, et al.
2008). A similar sensitivity has been identified in the human preimplantation embryo with
respect to culture environment and assisted reproductive treatment (ART) affecting
development and postnatal growth and disease risk (Feuer and Rinaudo 2016, Kleijkers, et al.
2016, Sunde, et al. 2016). Thus, the early mammalian embryo is recognised as a vulnerable
developmental stage in the concept known as ‘Developmental Origin of Health and Disease’

(DOHaD) (Fleming, et al. 2018, Hanson and Gluckman 2014).

Our previous work has concerned the induction of nutrient sensing in the mouse
blastocyst given its importance across lifetime health. We found maternal low protein diet
(LPD) from conception caused branched-chain amino acid (BCAA) levels (leucine, LEU;
isoleucine, ILE; valine, VAL) to become depleted within the uterine fluid at the time of
blastocyst formation; this coincided with reduced insulin concentration in maternal serum, all
before implantation occurred (Eckert, et al. 2012). The dietary decrease in metabolites

resulted in a reduction in blastocyst mammalian target of rapamycin complex 1 (mTORC1)
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growth-regulating signalling (Takahara, et al. 2020) through the S6-kinase pathway (Eckert,
et al. 2012) and an increase in trophectoderm (TE) endocytosis and lysosome biogenesis
mediated through cytoskeletal reorganisation regulated by Rho-GTPase (Sun, et al. 2014).
The endocytosis response likely represents increased histotrophic nutrition of tract proteins
and lipids to combat poor maternal nutrition. Moreover, the endocytic response could be
induced in vitro by culture of control embryos in medium with deficient albumin or, more
specifically, deficient in BCAAs to mimic the LPD uterine fluid but with all other amino
acids at levels found in normal-fed dams (NPD) (Sun, et al. 2014). More extensive
manipulations of mouse embryo culture environment have demonstrated the combination of
low BCAAs with low insulin levels were sufficient to induce the altered growth and

cardiovascular disease phenotype in later life (Velazquez, et al. 2018).

In the current study, we further analyse the environmental responsiveness of mouse
TE to identify more precisely the extracellular conditions required to induce enhanced
endocytosis and lysosome biogenesis, its timing of induction during cleavage, and the
mechanism regulating the cytoplasmic restructuring involved. We also conducted a
preliminary investigation of whether a similar TE endocytic/lysosomal phenotype occurs in
the human blastocyst (donated to research from ART) with respect to maternal metabolic
condition. Collectively, our data provides new insight into the conditions causing adverse

reprogramming of early development with biological and clinical implications.

Materials and Methods

Animals and embryo collection
MF1 outbred mice, kept under UK Home Office Project license and local ethics approval,

were bred in-house (University of Southampton Biomedical Research Facility) in accordance
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with the Animals (Scientific Procedures) Act of 1986 and associated Codes of Practise on a
07:00-19:00 h light cycle fed with standard chow. Virgin females (7-9 weeks) were naturally
mated overnight with MF1 males (2-6 months) and plug positive females were housed
individually the following morning. Mated dams were at EQ.5 at 14.00 h on the day the
vaginal plug was detected. Two-cell embryos were flushed from the oviducts at E1.5 with H6
medium with 4 mg/ml BSA (H6+BSA) (Watkins, et al. 2007) after cervical dislocation and

dissection of the reproductive tract.

In vitro culture

Collected 2-cell embryos were pooled and allocated to culture medium to the blastocyst stage
to investigate quantitatively which components of the depleted BCAA and insulin
composition found in LPD dams were most effective in inducing the enhanced endocytosis
and lysosome biogenesis phenotype found in LPD blastocysts (Eckert et al, 2012; Sun et al,
2014). Embryos at the 2-cell stage were cultured in defined potassium simplex optimized
medium (KSOM medium) in the absence of BSA but with variable amino acid (AA)
composition (Velazquez, et al. 2018), checked for osmolarity (250-260 mOsm) and used
under mineral oil at 37°C in 5% CO: until the morula or blastocyst stage of development,
depending on experimental design. Control medium consisted of KSOM supplemented with
insulin (1 ng/ml) (ThermoFisher) and the complete amino acid composition as previously
found in the MF1 uterine luminal fluid of dams at E3.5 fed a normal protein diet (Table 1)
(Eckert, et al. 2012). This included the BCAAs valine (0.46 mM), isoleucine (0.21 mM) and
leucine (0.32 mM). In experimental treatment groups, a combination or individual BCAA
concentration was decreased (50%, L-) compared with control (100%, N-BCAA) whilst all
other AA concentrations remained unchanged. Also, insulin was included at normal (N-INS,

1 ng/ml) or decreased by 50% (L-INS). All AAs were sourced from Sigma.
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Endocytosis assay

After culture, embryos at E3.5 had reached the blastocyst stage and were incubated for 1 hour
in the same medium but containing Self-Quenched BODIPY FL Conjugate of BSA (BSA-
BODIPY, 0.5 mg/ml) (BioVision) and LysoTracker Red DND-99 (100 nM) (ThermoFisher)
or Magic Red™ (Bio-Rad) to label degraded protein after endocytosis, lysosomes and
Cathepsin B, respectively. After incubation, embryos were washed 3 times in H6+BSA and
fixed in 1% formaldehyde in PBS for 20 minutes. After fixation, embryos were also washed
in PBS 3 times and labelled with the plasma membrane stain CellMask™ Deep Red (Thermo
Fisher Scientific) for 1 h at room temperature (1:200 in PBS) to label trophectoderm (TE) cell
boundaries. At that stage, embryos were either stained with 0.2 ng/ml DAPI (Invitrogen),
washed 3 times in Tween-20 (Sigma-Aldrich) 1:1000 in PBS (PBS-T) and mounted with 20

ul Citifluor or underwent immunocytochemistry.

Rapamycin treatment

2-cell stage embryos (E1.5) were cultured after collection in N-BCAA/N-INS medium
(Table 1) supplemented with rapamycin (LC laboratories, Woburn, USA) at final
concentrations of 100 nM, 1 uM or 20 uM at 37°C in 5% COx2. After 36 hours in culture,
embryos were transferred to fresh medium containing the same concentration of rapamycin
until reaching the blastocyst stage. Control embryos were cultured in KSOM without
rapamycin but complemented with DMSO at 1:1000 (rapamycin solvent). At that point,
embryos were stained with LysoTracker, fixed in 1% formaldehyde in PBS for 20 minutes

and imaged by confocal microscopy before immunocytochemistry.

Immunocytochemistry
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Antibodies used for immunolabelling were: rabbit polyclonal anti transcription factor EB
(TFEB) gene 7942 (A303-673A-T Bethyl Laboratories; 1:50); mouse monoclonal to megalin
(Protein G purified, 1:400) (Meads and Wild 1993); and rabbit polyclonal anti-clathrin (Cell
Signaling P1663, 1:400). Secondary antibodies were: Alexa 546, 488 and 633 (Invitrogen;
1:300). Negative controls were included by omitting the primary antibody. Embryos,
previously fixed and stained with CellMask, were subsequently permeabilised with 0.25%
Triton-X-100 (Sigma-Aldrich) in PBS (PBS-T) for 15 minutes, washed in PBS-T and
neutralised in 2.6 mg/ml NH4Cl (Sigma-Aldrich) in PBS for 10 minutes. Embryos were then
washed 3 times (5 minutes each) in PBS-T before incubation with primary antibody (diluted
in PBS-T) overnight at 4°C. The following day, embryos were washed with PBS-T (3 times
for 10 minutes each), incubated with secondary antibody for 1 h at room temperature, washed
in PBS-T (3 times for 10 minutes), nuclear stained with DAPI (Invitrogen; 0.2 ug/ml in PBS-

T; 20 mins), washed 3 times in PBS-T and mounted with 20 ul Citifluor.

Confocal microscopy, image capture and analysis

Embryos were viewed with a Leica SP5 confocal microscope. Images were acquired by
accumulation of z-series of TE cells on the surface closest to the coverslip, 50-60 xy sections
at 0.15 pm intervals, tangential to the embryo surface and extending from apical to basal
surfaces of examined TE cells to provide a high resolution dataset. Images from confocal
microscopy were analysed with VOLOCITY-3D 6.3 quantification software (PerkinElmer).
Measurements were made in individual TE cells with 1-3 adjacent TE cells analysed per
embryo. A VOLOCITY protocol was designed for each individual labelling method used
based on vesicle/structure sizes and applied to all embryos in different treatment groups. The
optimised protocol is provided in Supplementary Table 1. Using these settings,

VOLOCITY was used to calculate number and volume of labelled vesicles per TE cell and to



173  measure the distance from the vesicles centre to the nucleus edge. VOLOCITY was also used
174  to measure cell volume as required.

175

176~ Human embryo study

177  Vitrified embryos were donated with full patient consent for research under HFEA licence
178  from Wessex Fertility Clinic, Southampton. Donors were selected based upon maternal BMI
179  (two groups, normal 18.9-22.9; high >25; 27.1-32.3); patient age (less than 38); embryo

180  number per patient (minimum 3); embryo stage (all vitrified from day (D) 3 or later). The
181  normal and high BMI patient groups and embryos analysed are shown in Table 2. Vitrified
182  embryos were thawed with Vit Kit®-Thaw 90137-SO (Irvine Scientific) for 5 minutes at
183  37°C in 40 pl drop of thawing solution in a 4-well dish under sterile conditions on heated
184  stage. Embryos were then transferred to the kit’s dilution solution at room temperature for 4
185  minutes followed by 2 x 4-minute washes in washing solution at room temperature. Embryos
186  were then transferred singly into pre-equilibrated drops (40 pl) of Sage 1-step™ medium
187  with HSA and phenol red (Origio) in a 6 cm dish covered with mineral oil (Origio) and

188  incubated at 37°C with 5% CO2 and 5% O: to develop to blastocyst stage at D5. At this

189  stage, embryos were incubated with LysoTracker (as used for mouse embryos but omitting
190 BSA-BODIPY co-labelling), fixed and immunolabelled with TFEB (as for mouse embryos).
191

192 Statistical analysis

193  Mouse embryo data were first assessed for normality using the Shapiro—Wilk normality test.
194  Data analysis was performed using One-Way ANOVA and Tukey’s post hoc test for multi
195  comparisons or Student’s t-test for normally distributed data (~75% samples); and with

196  Kruskal-Wallis test with Dunn’s multiple comparisons post hoc test or Mann-Whitney for

197  non-normally distributed data (~25% samples). Pooling data across experiments to increase
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sample number showed lysosome number per cell to be normally distributed, and analysis of
our non-normalised data by tests for normalised data did not alter statistical significance.
Human embryo lysosome biogenesis and immunocytochemistry data were assessed using the
multilevel random effects regression model (SPSS version 25) which takes into account
potential hierarchical nature of the data with between-patient and within-patient variation and
different parameters measured from individual embryos. Thus, differences identified between
groups studied are independent of cell volume, cell number and whether a resultant
pregnancy occurred from a sibling embryo collected at the same time. Data are presented as
dot plots and, for mouse, with box and whisker markers to identify the median and

interquartile range and min/max points with P<0.05 regarded as significant.

Results

A role for isoleucine in activating mouse embryo endocytosis and lysosome biogenesis

Our first experiments were to identify the relative role of deficiency of the three BCAAs,
leucine (LEU), isoleucine (ILE) and valine (VAL), shown previously to enhance endocytosis
and lysosome biogenesis in trophectoderm (TE) in our diet and in vitro models (Eckert, et al.
2012, Sun, et al. 2014) and whether deficient insulin was contributory. Control 2-cell
embryos were cultured to blastocyst stage (~48 h) in KSOM medium with the complete
uterine fluid composition of AAs (Table 1) and systemic insulin (1 ng/ml) as found in NPD-
fed dams (N-BCAA/N-INS). In tested culture medium, one of three BCAAs was individually
reduced by 50% compared to the NPD uterine fluid concentration and normal insulin (L-
VAL/N-INS; L-LEU/N-INS; L-ILE/N-INS), or normal concentration of BCAAs but 50%

decreased insulin (N-BCAA/L-INS). Blastocysts were examined for endocytosis and
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lysosomes using combined BSA-BODIPY and LysoTracker assay by confocal microscopy

and image analysis.

In all groups, LysoTracker and BSA-BODIPY labelled vesicles were mainly co-
localised around the TE nucleus, viewed en face, tangential to the coverslip (Figure 1A) with
data accrued from high resolution z-series across the complete cell layer. Blastocysts in the
L-ILE/N-INS group had increased number and collective volume of BSA-BODIPY positive
vesicles per cell (P=0.04, 0.03 respectively) while LysoTracker number and collective
volume per cell were increased but not significantly (P=0.09 and 0.06, respectively) (Figure
1B-E) compared to the control N-BCAA/N-INS. L-ILE/N-INS was also increased in BSA-
BODIPY vesicle number compared to L-VAL/N-INS (P=0.017) and N-BCAA/L-INS
(P=0.014) and in collective volume of vesicles in N-BCAA/L-INS P=0.05) (Figure 1C,E).
L-ILE/N-INS LysoTracker vesicle number and collective volume was increased compared
with N-BCAA/L-INS P=0.02 and 0.02 respectively) (Figure 1B,D). In contrast, L-VAL/N-
INS, L-LEU/N-INS and N-BCAA/L-INS were not different in vesicle labelling from the N-
BCAA/N-INS controls although L-LEU/N-INS mean or median values for all analyses were
above those of other groups except L-ILE/N-INS, a larger dataset would be required to
expose any effect (Figure 1B-D). Further analysis showed that the increase in L-ILE/N-INS
vesicle dynamics was not caused by increased vesicle size compared to controls indicating
endocytosis and lysosome enhancement were by collective increase in vesicle number
(Supplemental Figure 1A,B). The average distance of both vesicles (BSA-BODIPY and
LysoTracker) to the nucleus was not altered across treatments (Supplemental Figure 1C,D).
Lastly, all treatments resulted in a consistent blastocyst formation rate of ~70% and with
equivalent cell numbers present (Supplemental Figure 1E,F) indicating these treatments did

not affect embryo viability, as found for later treatments. Collectively, these data indicate
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embryo endocytosis and lysosomes were increased in response to reduced isoleucine (L-ILE)
alone in the culture medium, a partial response may be induced by low leucine (L-LEU),

while valine and insulin deficiency produced no effect.

To determine whether increased LysoTracker vesicle number and collective volume per
cell in the L-ILE/N-INS group reflected an actual increase in lysosomal enzyme activity,
blastocysts from this treatment were also assayed with Magic Red staining which fluoresces
in response to cleavage by the lysosome enzyme, Cathepsin B (Figure 2A). In the L-ILE/N-
INS group, Magic Red staining was increased in terms of collective vesicle volume per TE
cell (P=0.04) but the increase for vesicle number per cell was not significant (P=0.1)

compared to the N-BCAA/N-INS control (Figure 2B,C).

To investigate whether endocytosis upregulation in response to L-ILE/N-INS coincided
with increased expression of endocytic receptor, megalin, and endocytic vesicle coat protein,
clathrin, these proteins were analysed by immunocytochemistry (Figure 2D-G). Both
megalin and clathrin were concentrated along the apical surface of TE cells as well as within
vesicles in the apical cytoplasm (Figure 2D,E). Megalin (P=0.02) and clathrin (P=0.002)
signal intensities were increased in L-ILE/N-INS blastocyst TE cells when compared to the
N-BCAA/N-INS control using standardised settings for fluorescent intensity by total voxel

count per channel (Figure 2F,G).

Combinations of depleted BCAAs and/or insulin can activate embryo endocytosis
To further examine individual and combined BCAA interactions with insulin, embryos were
collected at E1.5 (2-cell stage) and cultured until blastocyst stage (~48 h) in six KSOM media

treatments: N-BCAA/N-INS (control), L-ILE/N-INS (positive control from above), L-ILE/L-

11
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INS, L-LEU/L-INS, L-ILE/L-LEU/L-INS and L-BCAA/L-INS (Figure 3A). An increase in
BSA-BODIPY collective vesicle volume per cell (P=0.04) and vesicle number per cell
(P=0.07) was present in the L-ILE/N-INS positive control. Increased BSA-BODIPY vesicle
number and collective vesicle volume per cell were also present in the L-ILE/L-LEU/L-INS
combination treatment (P=0.002 and 0.005 respectively) (Figure 3B-E). Collective volume
of BSA-BODIPY vesicles per cell was higher but not significant in the L-BCAA/L-INS
group (P=0.09). Other L-INS groups show a consistent non-significant increase in mean
BSA-BODIPY vesicle number and collective volume per cell compared with the N-
BCAA/N-INS control. Similarly, LysoTracker vesicle number and collective volume per cell
were increased in all combination treatments compared with control N-BCAA/N-INS but not
to statistical significance (Figure 3B-E). In all six culture treatments, individual size of
vesicles did not differ (Supplemental Figure 2A,B) indicating changes in collective volume
where present reflected an increase in vesicle number. The mean distance of both vesicles to
the nucleus was also not altered by treatment (Supplemental Figure 2C,D). Collectively,
these data suggest minor stimulatory effects on endocytosis and lysosomes may be mediated
by some combined metabolite combinations. The effect of L-ILE deficiency alone was the

focus of future mouse experiments.

Stimulation of lysosome biogenesis by low isoleucine activates at the blastocyst stage
Embryos were collected at E1.5 (2-cell stage) and cultured until the morula stage (36 h; ~16-
cell stage) in KSOM medium with L-ILE/N-INS or in control medium (N-BCAA/N-INS). At
the morula stage, embryos were examined using the LysoTracker assay alongside blastocysts
(cultured for 48 h) used as a positive control (Figure 4A). Embryos cultured until the morula
stage in L-ILE/N-INS group had no change in LysoTracker vesicle number or collective

volume per cell compared to the N-BCAA/N-INS control group while blastocyst lysosome

12
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number (P=0.002) or collective volume (P=0.06) were enhanced (Figure 4B-E). Note,
morula vesicle number/cell is about double that of the blastocyst reflecting larger cell volume
at the morula 16-cell stage. Collectively, these data indicate that the capacity for lysosome

biogenesis initiates at the blastocyst stage.

Isoleucine deficiency activates TFEB nuclear translocation in blastocyst TE cells

We next considered further downstream regulation of enhanced endocytosis and lysosome
biogenesis following induction by isoleucine deficiency. The transcription factor TFEB has
been shown to interact with mTORC1 on lysosomal membranes and upon reduction in
mTORCI signalling is translocated to the nucleus and increases transcription of multiple
genes implicated in lysosomal biosynthesis and autophagy (Sardiello, et al. 2009, Settembre,
et al. 2012). TFEB subcellular localization was analysed in blastocysts after culture from 2-
cell stage in either L-ILE/N-INS or N-BCAA/N-INS (Figure 5A). To quantify cellular
localisation, the relative volumes of TFEB in the cytoplasm and nucleus in TE cells were
ratioed. TFEB switched from an approximate equal cytoplasmic / nuclear (~50:50%)
localisation in N-BCAA/N-INS to a predominant nuclear localisation (~20:80 cytoplasmic /
nuclear) (P=0.02) in L-ILE/N-INS culture (Figure 5B,C). Pearson Correlation was used with
VOLOCITY software to calculate the relative association between green (TFEB) and blue
(DAPI) channels and showed TFEB was localised more in the nucleus in L-ILE/N-INS

(P=0.02) compared to N-BCAA/N-INS (Figure 5D).

TFEB localisation in blastocysts is sensitive to mTORC1
Embryos were collected at E1.5 (2-cell stage) and cultured in control N-BCAA/N-INS
medium supplemented with rapamycin to inhibit mTORCI1 signalling at different

concentrations (1 uM or 20 uM) or without rapamycin. At the blastocyst stage, embryos were
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assessed for TFEB localisation (Figure 6A) as previously described or were analysed in the
same medium using the LysoTracker assay (Figure 7). Rapamycin (20 uM) caused a
dramatic translocation of TFEB from cytoplasm to nucleus (P=0.0001) confirmed using
Pearson Correlation analysis (P=0.0001) with an intermediate effect evident at lower dose (1
uM; P=0.04) (Figure 6B,C). However, no significant difference was found in LysoTracker
staining between the three groups although an increase in collective volume of lysosomes
was detected at 20 uM rapamycin (P=0.06) (Figure 7B). These data first confirm that TFEB
nuclear localisation in our model is regulated by loss of mMTORCI1 signalling, and there is

evidence that mMTORC1 may promote increased lysosome biogenesis.

Effect of cell volume on endocytosis and lysosome biogenesis

To understand whether the increase in endocytosis and lysosome biogenesis following L-
ILE/N-INS culture was superimposed upon more general cellular mechanism(s) affecting the
number or density of these organelles in relation to the cell cycle and division (Carlton, et al.
2020), the VOLOCITY software was used to measure cell volume using the same samples as
reported above. No difference was found in blastocyst TE cell volume in relation to control
and experimental treatments with deficient individual BCAAs or INS (Figure 8A). The
relationship between cell volume and BSA-BODIPY or LysoTracker vesicle numbers was
further explored through correlation analysis following control (N-BCAA/N-INS) and L-
ILE/N-INS treatments. LysoTracker vesicle number and collective volume per cell in both
treatments were positively correlated with cell volume (N-BCAA/N-INS P=0.0004 and
P=0.0006 respectively; L-ILE/N-INS P=0.02 for both) (Figure 8B,C). However, BSA-
BODIPY vesicle number and collective volume per cell were only significantly positively
correlated with cell volume in the L-ILE/N-INS group (P=0.01 and P=0.0009 respectively)

(Figure 8D,E). Notably, the data indicate that the L-ILE/N-INS sample points and best-fit
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lines (red) lie above those for N-BCAA/N-INS (blue) indicating L-ILE/N-INS to be
stimulatory independent of cell volume. However, some L-ILE/N-INS data points show both
high vesicle number or volume combined with high cell volume indicating these factors can

be associated.

The N-BCAA/N-INS and L-ILE/N-INS treatments did not affect cell volume in those
samples analysed for TFEB localisation (Figure 8F) but here, following correlation analysis,
no correlation between TFEB % nuclear staining and cell volume was apparent (Figure 8G).
Collectively, these results indicate first that while cell volume is similar across treatments, it
nevertheless has a general treatment-independent positive effect upon endocytosis and
lysosomes. Second, L-ILE/N-INS treatment can enhance endocytosis and lysosome

biogenesis both independent of cell volume but also in association with it.

Activation of lysosome biogenesis in human embryos

Embryos donated from 14 patients (7 in both normal and high BMI groups) were cultured
(n=81 embryos, 42 in the normal BMI group, 39 in the high BMI group) from embryonic D3
(~8-cells) to D5 (blastocyst stage). From these, 36% and 41%, respectively, developed to
blastocysts and had similar total embryo volume (P=0.88; data not shown) (Table 2).
Thirteen blastocysts from 7 patients from the normal BMI group and 15 blastocysts from 7
patients from the high BMI group (3 embryos lost during processing) were analysed
successfully using LysoTracker assay for lysosomes (Figure 9A,B) and subsequently for
TFEB localisation using immunocytochemistry (Figure 10). Embryos from within the high
BMI group exhibited an enhanced lysosome collective volume per cell (P=0.015), similar to
that previously seen in mouse embryos, although individual embryo scores were highly

variable in the high BMI group (Figure 9A,B). Also, embryo cell number and cell volume
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372  were not significantly different between the BMI groups (Figure 9C,D) although both were
373  influencing cofactors in the lysosome statistical analysis whilst whether patient pregnancy
374  occurred that cycle was not a cofactor. Furthermore, examination of human embryos for
375  TFEB localisation (Figure 10A,B) revealed mean nuclear versus cytoplasmic localization in
376  the high BMI group to be higher (P=0.1) (Figure 10B).

377

378 The LysoTracker and TFEB results shown in the scatter plots for BMI groups also
379  include mother number for each embryo and reveal similarity in outcome between sibling
380  embryos from the same mother (Figure 9B, 10B). In addition to BMI, the dataset was also
381  screened for whether intra-cytoplasmic sperm injection (ICSI) had been employed or not.
382  This revealed no effect on lysosome or TFEB localisation but further show the closeness in
383  outcomes for sibling embryos (Figure 10C,D). Collectively, these data indicate lysosome
384  activity and TFEB localisation in human blastocysts is sensitive to environmental factors
385  including patient BMI.

386

387
388  Discussion

389  Our study centred on the functioning of the extra-embryonic trophectoderm (TE) layer, the
390 first cell type to differentiate on the surface of the mammalian embryo. TE contributes to

391  blastocyst morphogenesis through the timing of transepithelial transport which permits

392  blastocoel formation and regulated nutrient and metabolite provision for the inner cell mass
393  (ICM) comprising the entire stem cell pool for fetal development (Eckert and Fleming 2008).
394  Nutrient provision for the embryo is also mediated by histotrophic means through maturation
395  ofapolarised apicobasal endocytic pathway with fluid-phase and receptor-mediated

396  processing via multi-ligand megalin and cubilin receptors for internalisation of uterine fluid
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397  proteins and lipids (Assémat, et al. 2005, Fleming and Pickering 1985, Kelleher, et al. 2019).
398  After implantation, the TE continues its supportive function and gives rise to the chorio-

399 allantoic placenta regulating the nutritional demands of the fetus throughout gestation. In this
400  context, the TE requires cellular mechanisms to ascertain environment nutrient levels to

401  sustain embryo and fetal growth through pregnancy despite variations in maternal lifestyle
402  and diet.

403

404 Past studies using the mouse LPD model have revealed maternal LPD reduced the
405  concentration of BCAAs within maternal serum and the uterine fluid that bathes the morula
406  and blastocyst before implantation, coinciding with reduced systemic insulin and a decrease
407  in blastocyst mMTORCI serine/threonine kinase signalling through reduced phosphorylation of
408  the downstream effector, ribosomal S6 protein (Eckert, et al. 2012). TE cells within LPD
409  blastocysts respond by increased endocytosis and lysosome formation, which we considered
410  a histotrophic response to compensate for poor maternal nutrition (Sun, et al. 2014). TE

411  endocytosis is known to be insulin-sensitive (Dunglison, et al. 1995) and the increased

412  endocytosis phenotype after LPD can be mimicked by culture of control blastocysts in

413  medium deficient in either protein or the BCAAs (LEU, ILE, VAL) (Sun, et al. 2014). A
414  similar histotrophic mechanism is found in ovine and porcine embryos whereby uterine fluid
415 LEU and other amino acids signal through mTORCI1 in TE cells to coordinate conceptus
416  growth (Kim, et al. 2013, Kim, et al. 2011). Moreover, increased endocytosis is a recognised
417  cellular process outside developmental models to combat protein deprivation signalled

418  through low BCAA availability and mTORCI1 (Jones, et al. 2012).

419

420 Whilst the stimulation in TE endocytosis and lysosomes mediated through maternal

421  LPD may compensate nutritional requirements for development, it is also an early cellular
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biomarker for adverse developmental programming as LPD offspring in later life develop
growth, cardiometabolic and neurological morbidities (Gould, et al. 2018, Lanham, et al.
2020, Watkins, et al. 2011, Watkins, et al. 2008), outcomes that can be induced in control
embryos by culture in medium deficient in BCAA and insulin (Velazquez, et al. 2018). We
consider the activation of histotrophic nutrition, along with other compensatory responses by
extra-embryonic lineages to promote maternal nutrient delivery following LPD, despite
protecting survival, to contribute to over-nutrition during fetal growth and a postnatal
metabolism that encourages adiposity and chronic disease (discussed in (Fleming, et al. 2018,
Velazquez, et al. 2019). Thus, the compensatory promotion of nutrient delivery activated by
maternal LPD during preimplantation is maintained even if restricted diet is not continued
beyond implantation leading to increased fetal : placental weight ratio in late gestation,
offspring perinatal weight becoming positively correlated with later life disease risk, and, in
female offspring, sustained overweight throughout life (Watkins, et al. 2015, Watkins, et al.
2011, Watkins, et al. 2008). The mechanisms underlying induction of the endocytosis and
lysosome phenotype therefore acquire further importance in the search for protection

measures against periconceptional DOHaD programming (Fleming, et al. 2018).

In our current study, we have broadly used our previous method to quantify
endocytosis and lysosome formation in mouse blastocysts in vitro following culture in
medium with amino acid composition matching that found within uterine fluid of control fed
(NPD) dams but with deficiency in BCAAs (Sun, et al. 2014). However, we have improved
the protocol by omitting the need for zona removal by transient acidic medium which may
cause cellular stress to embryos, and by refining the VOLOCITY image analysis of confocal
z-series to increase vesicle resolution (see Methods). Our mouse experiments concerned

identification of precise environmental metabolite conditions that caused activation of the
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endocytosis and lysosome formation phenotype and the timing and cellular signalling activity
involved. Collectively, our data firstly pinpoint the central role of isoleucine (ILE)
deficiency, with more peripheral roles for other low BCAA and insulin levels in combination,
as environmental factors which activate the histotrophic response in mouse TE. Second, we
show these culture conditions promote the endocytic phenotype only from the time of
blastocoel formation and involves recruitment of the TFEB transcription factor to enter the
nucleus, mediated through mTORC1 downregulation. Lastly, we provided evidence of a
similar environmental responsiveness in the human blastocyst, in this case through high
maternal BMI as a measure of suboptimal nutrition, leading to increased lysosomal

phenotype and nuclear localisation of TFEB.

The identification of a central role for extracellular ILE deficiency in activating the
endocytosis phenotype is unexpected. The BCAAs share a similar structure of non-linear
aliphatic side chains and catabolic pathway via a-keto acid formation (Shimomura, et al.
2006, Zhang, et al. 2017). They also share several common amino acid transporters for
exchange at the cell membrane (Broer and Broer 2017) and BCAA uptake via characterised
transporter systems promoting mouse blastocyst development including mTORCI1 signalling
have been reported (Eckert, et al. 2012, Lamb and Leese 1994, Martin, et al. 2003, Van
Winkle, et al. 2006). However, as signalling metabolites, LEU is recognised as having a more
potent efficacy in stimulating mTORCI than either ILE or VAL. BCAA activation of
mTORCI is mediated through the Rag GTPases such that LEU binds to the inhibitory
regulator of Rags, Sestrin-2, to disrupt inhibition at higher potency than either ILE or VAL
(Melick and Jewell 2020, Wolfson, et al. 2016). Thus, in many examples of mTORCI1
signalling of cellular metabolism and growth, LEU acts with greater potency than other

BCAAs (Tomiya, et al. 2007, Yoshizawa, et al. 2002) but in a minority of cases, ILE has
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been shown a more effective upstream activator, such as in mouse models for mammary cell
signalling and lactation performance (Liu, et al. 2017) and in anti-angiogenic signalling in the
colon (Murata and Moriyama 2007). ILE supplementation of maternal drinking water in early
mouse gestation has also been shown to affect fetal growth and birthweight (To, et al. 2020).
There is also evidence that metabolic effector pathways related to mTORCI1 exhibit increased
sensitivity to ILE than LEU as in glucose uptake and regulation in myotubes (Doi, et al.
2003) and hepatocytes (Xiao, et al. 2014), indicating the ratio of BCAA availability to have a
critical influence on mTORC1-related metabolic activity (Duan, et al. 2017). Thus, in our
endocytosis and lysosome model, the central role of ILE deficiency in its activation may
reflect reduced mTORCI1 signalling in combination with other metabolic factors such as
glucose regulation, known to be affected in the LPD model both maternally (Eckert, et al.

2012, Kwong, et al. 2000) and in fetal offspring (Kwong, et al. 2007).

Our data further showed that the TE cellular reorganisation induced by ILE deficiency
involved increased levels of apically-localised megalin receptor and clathrin endocytic
components in combination with increased cathepsin B lysosomal enzyme activity, visualised
by MagicRed. The response activated only from the time of blastocyst formation. This likely
reflects the requirement for epithelial maturation to be complete including tight junction
sealing and meaningful transepithelial transport to commence which occurs at this stage
(Eckert and Fleming 2008, Fleming and Pickering 1985). The endocytic and lysosomal
response to L-ILE/N-INS culture also involved the re-localisation of TFEB from mostly
cytoplasmic sites to the nucleus. TFEB is a member of the MiT-TFE family of helix-loop-
helix leucine-zipper transcription factors (Steingrimsson, et al. 2004). TFEB resides at the
lysosome under conditions of nutrient availability in association with mTORC1 via Rab32

where it is phosphorylated and inactivated by the mTORCI1 kinase; however, under
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497  conditions of nutrient deprivation, through BCAA sensing requiring the Rag-GTPase

498  regulator of mMTORCI, TFEB is dephosphorylated and activated to translocate to nucleus to
499  promote gene expression and lysosome biogenesis (Drizyte-Miller, et al. 2020, Puertollano,
500 etal. 2018, Roczniak-Ferguson, et al. 2012, Settembre, et al. 2012). We also found TFEB
501  translocation to the nucleus was induced by rapamycin even in conditions of nutrient

502  availability (N-BCAA/N-INS) confirming nutrient sensing and response was regulated

503  through mTORCI.

504

505 Individual cell volume was found not to differ across treatments. However, cell

506  volume was positively correlated with endocytosis and lysosome vesicle number and

507  collective volume in the mouse study and was also an influencing cofactor identified in the
508  human study. Cell cycling and division induce stabilised partitioning of endo-lysosomal

509  organelles between daughter cells in relation to cell volume via cytoskeletal means (Carlton,
510 etal. 2020). Moreover, some cyclin-dependent kinases (CDKSs) interact with lysosomes to
511  maintain their homeostasis (Ishii, et al. 2019, Nowosad, et al. 2020). The relationship found
512 between lysosome vesicle density and cell volume in mouse TE cells was evident in all

513  treatments and linked to cell cycle as shown by the approximate doubling of vesicle number
514  or collective volume in the morula (~16-cell) versus unstimulated blastocyst (~32-cell).

515  Whilst ILE deficiency in the blastocyst raised endocytosis and lysosome vesicle density and
516  collective volume relative to controls, this occurred across the range of cell volume indicating
517  independence from cell volume. However, a subset of the L-ILE/N-INS data with high

518  vesicle number or collective volume also had large cell volume, indicating cell volume to be
519  asecondary factor associated with the lysosomal stimulation. Cell volume regulation in

520  mouse oocytes and early cleavage embryos is mediated through glycine and glutamine acting

521  as organic osmolytes and volume-regulated anion channels to export organic osmolytes
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where necessary (Baltz and Tartia 2010, Tscherner, et al. 2021). However, since these amino
acids occur at similar levels in LPD and NPD blastocysts (Eckert, et al. 2012); were present
at the same concentration in all the current culture media which were checked for osmolarity
(250-260 mOsm); and acceptable and equivalent developmental potential occurred in all
treatments, we believe the association not to be linked with perturbation. The additional
increase in nuclear localisation of TFEB in response to L-ILE/N-INS was found not to be
influenced by cell volume. This likely reflects the direct control of TFEB localisation by

mTORCI activity rather than cell cycle dynamics.

From our mouse studies we therefore conclude that poor nutrient availability is sensed
by the TE once it is a functional epithelium at the blastocyst stage, in particular by ILE
deficiency through mTORCI leading to nuclear translocation of TFEB to coordinate
increased endocytosis and lysosome biogenesis by transcriptional reprogramming to
compensate by histotrophic nutrition of uterine fluid. The mouse TE endocytosis and
lysosome phenotype therefore acts as a biomarker of adversely programmed embryos, whilst
better protected for survival during gestation, having increased disease risk in later life. To
explore the clinical relevance of these findings, the lysosome phenotype was assessed in

human embryos donated for research.

For the human embryo analysis, culture in media with differing nutrient levels was
not a feasible strategy since maternal heterogeneity in demographics would have confounded
the analysis. Thus, normalised culture of embryos to form blastocysts was conducted and
maternal BMI (high and normal groups) was used as a proxy for distinct nutritional
environments. This preliminary study revealed increased collective volume of lysosome

vesicles per TE cell in the high BMI group but with clear variation evident per embryo.
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Moreover, TFEB was distributed preferentially in the nucleus in blastocysts from high BMI
mothers, further indicating aspects of maternal metabolic status influence the embryo
phenotype. We also found that embryos from the same mother exhibited a similar lysosome
and TFEB staining pattern but other aspects of treatment, such as ICSI versus non-ICSI
fertilisation, or whether pregnancy resulted from that cycle, did not appear influential. This is
consistent with a similar metabolic profile occurring in embryos derived from ICSI and

conventional IVF (Leary and Sturmey 2020).

Whilst our evidence that maternal nutritional environment influences lysosome status
and TFEB distribution in the human blastocyst is limited and requires a larger study for
confirmation, it is consistent with deleterious effects and reduced fertility identified in
oocytes and embryos from obese and high BMI mothers (Machtinger, et al. 2012, van der
Steeg, et al. 2008). Overweight mothers generate fewer and smaller oocytes that give rise to
blastocysts at a reduced rate and with fewer TE cells than those of normal BMI mothers
(Bartolacci, et al. 2019, Comstock, et al. 2015, Leary, et al. 2015). Blastocysts from
overweight mothers also exhibit impaired glucose metabolism and increased triglyceride
content (Leary, et al. 2015) reflecting increased accumulation of metabolites within follicular
fluid (Robker, et al. 2009). However, in contrast to our mouse study, the altered profile of
lysosomes and TFEB distribution is mediated not through deficiency in immediate culture
composition but from maternal metabolism. In this context, our human data is more similar to
our maternal LPD mouse model but with dietary condition being overnutrition rather than
protein restriction. High maternal BMI did not significantly alter the uterine fluid
composition of individual amino acids but generally increased their mean concentration
(Kermack, et al. 2015), in contrast to their reduction in the mouse LPD model (Eckert, et al.

2012). A maternal diet validated as less healthy than one with reduced fats and more
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vegetables and fruit also resulted in increased uterine fluid AAs with individual BCAAs
significantly increased (Kermack, et al. 2015). Interestingly, improved Mediterranean-style
diet has been shown to stimulate human embryo development and lead to increased
pregnancy over less healthy diets comprising higher fat intake (Braga, et al. 2015, Kermack,
et al. 2020, Vujkovic, et al. 2010). Thus, the increased lysosomal phenotype found in
blastocysts from the high BMI group may reflect more a stress response to over nutrition than
a deficiency in metabolites. Embryo screening for developmental potential in clinical ART is
predominantly restricted to morphological and morphokinetic approaches with limited scope
for embryo metabolic health (Ferrick, et al. 2020). Whilst the lysosomal phenotype of
adverse metabolic health revealed here depended upon invasive processing, advanced non-
invasive light microscopy technologies and imaging (eg, optical coherence microscopy;
(Karnowski, et al. 2017)) are emerging for visualisation of cytoplasmic organelles that may

lead to improved embryo selection.

In conclusion, we describe a critical early mechanism in mouse preimplantation
development to combat low maternal nutrient availability, activated especially by ILE
deficiency but also by depletion in other BCAAs and insulin in the blastocyst TE. This signal
leads to stimulation in endocytosis and lysosome biogenesis to increase compensatory
histotrophic nutrition mediated by reduced mTORCI activity that promotes nuclear
translocation of the TFEB transcription factor. The mechanism associates with increased risk
of chronic disease in later life, hence is an early marker of adverse periconceptional
programming. In a preliminary study, a similar capacity for increased lysosome biogenesis is
evident in human blastocysts activated in response to high maternal BMI and, if

substantiated, may provide a means to assess embryo metabolic potential in a clinical setting.
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Figure legends

Figure 1. Endocytosis and lysosomes are increased in mouse blastocyst TE following culture
from 2-cell stage in medium with depleted Isoleucine alone and normal Insulin (L-ILE/N-
INS). A. Blastocysts z-series after BSA-BODIPY (green) and LysoTracker (red) endocytosis
and lysosome assay and nuclei (DAPI, blue) staining following culture in different BCAAs
concentrations - either at the level found in NPD uterine fluid (N-BCAA), or with one BCAA
individually reduced by 50% compared to N-BCAA (L-VAL/N-INS, L-LEU/N-INS and L-
ILE/N-INS) or with normal concentration of BCAAs but 50% decreased insulin (L-INS).
Scale bar =20 um. B-E. LysoTracker and BSA-BODIPY vesicle number and collective
volume (um?) per TE cell. Endocytosis and lysosome number are stimulated in the L-ILE/N-
INS group but not significantly in the other treatment groups. Data were analysed by 1-way

ANOVA and shown as dot plots with box and whisker markers to identify the median and
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interquartile range and min/max points. *P <0.05; for other P values, see text;17-24 embryos
per group (30-55 cells per group) from 13 mothers (in 10 replicates). Abbreviations: N-
BCAA/N-INS Normal BCAA, normal insulin; L-VAL/N-INS low valine, normal insulin; L-
LEU/N-INS low leucine, normal insulin; L-ILE/N-INS low isoleucine, normal insulin; N-

BCAA/L-INS normal BCAA, low insulin.

Figure 2. Cathepsin B (MagicRed) activity and megalin (red) and clathrin (green)
immunostaining are increased in mouse blastocyst TE following culture from 2-cell stage in
media with depleted Isoleucine (L-ILE/N-INS) A. Blastocysts after MagicRed (red) and
LysoTracker (green) assay and nuclei (DAPI, blue) staining following culture in either the
BCAA level found in NPD uterine fluid (N-BCAA), or with reduced (50%) Isoleucine (L-
ILE). B,C. Cathepsin B vesicle number and collective volume per TE cell is increased in the
L-ILE/N-INS group. 21-26 embryos per group from 7 mothers (in 4 replicates). D. N-
BCAA/N-INS and E. L-ILE/N-INS blastocysts stained for megalin (red), clathrin (green) and
nuclei (DAPI, blue). High magnification of TE layer shown below; markers are localised to
apical TE and cytoplasm. F. Megalin and G. Clathrin staining intensity (voxels) is increased
in L-ILE/N-INS blastocyst TE cells. 10-18 embryos per group from 6 mothers in 4 replicates.
Scale bar = 20 um. Data were analysed by t-test (B,C) and Mann-Whitney (F,G) and shown
as dot plots with box and whisker markers to identify the median and interquartile range and
min/max points. *P < 0.05, **P < 0.01; for other P values, see text. Abbreviations: N-

BCAA/N-INS Normal BCAA, normal insulin; L-ILE/N-INS low isoleucine, normal insulin.

Figure 3. Endocytosis is increased in mouse blastocyst TE following culture from 2-cell
stage in media with L-ILE/N-INS and L-ILE/L-LEU/L-INS. Culture in L-BCAA/L-INS

increased endocytosis to a trend level. A. Representative blastocysts after BSA-BODIPY
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(green) and LysoTracker (red) endocytosis assay and nuclei (DAPI, blue) staining following
culture in different combinations of BCAAs and insulin concentrations — BCAAs were either
at the level found in NPD uterine fluid (N-BCAA), with one BCAA individually reduced by
50% (L-ILE or L-LEU), with two BCAA reduced by 50% (L-ILE and L-LEU) or with all
BCAA reduced by 50% (L-BCAA) either with normal insulin (N-INS) or with 50%
decreased insulin (L-INS). Scale bar = 20 um. B,C. LysoTracker and D,E. BSA-BODIPY
vesicles number and collective volume (um?) per TE cell. Endocytosis is stimulated in the L-
ILE/N-INS and L-ILE/L-LEU groups but not significantly in the other depleted media.
Embryos cultured in L-BCAA/L-INS had a trend to increase endocytosis. Data were analysed
by Kruskal-Wallis (B-D) and 1-way ANOVA (E) and shown as dot plots with box and
whisker markers to identify the median and interquartile range and min/max points. *P< (.05,
*#P<0.01; for other P values, see text; 13-19 embryos per group (23-38 cells per group) from
14 mothers (in 8 replicates). Abbreviations: N-BCAA/N-INS Normal BCAA, normal insulin;
L-ILE/N-INS low isoleucine, normal insulin; L-BCAA/L-INS low BCAA, low insulin; L-
ILE/L-INS low isoleucine, low insulin; L-LEU/L-INS low leucine, low insulin; L-ILE/L-

LEU/L-INS low isoleucine, low leucine, low insulin.

Figure 4. Lysosomes are not increased in mouse morulae outer cells following culture from
2-cell stage in media with depleted Isoleucine alone and normal insulin (L-ILE/N-INS). A.
Morulae after LysoTracker (LysTr, red) lysosome assay following culture in (N-BCAA/N-
INS; L-ILE/N-INS). Blastocysts used as control (embryos from same experiment left in
culture for 12h more). Scale bar = 20 um. B,C. Morula LysoTracker vesicle number and
collective volume (um?) per outer cell. D,E. Blastocyst LysoTracker vesicle number and
collective volume (um?) per TE cell. Data were analysed by Mann-Whitney and shown as dot

plots with box and whisker markers to identify the median and interquartile range and
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min/max points. **P < 0.01; for other P values, see text. 17-18 embryos per group (24-26
cells per group) from 5 mothers (in 4 replicates). Abbreviations: N-BCAA/N-INS Normal

BCAA, normal insulin; L-ILE/N-INS low isoleucine, normal insulin.

Figure 5. TFEB staining in N-BCAA/N-INS mouse blastocysts is more cytoplasmic while in
L-ILE/N-INS it is more nuclear. A. TFEB staining in blastocysts following culture from 2-
cell stage. Scale bar =20 um. B,C. Percentage (%) TFEB localised in the cytoplasm (C) and
in the nucleus (D). E. Pearson’s correlation for green and blue channel. L-ILE/N-INS TE
cells have increased proportion of the TFEB (green channel) co-labelled with the nucleus
(DAPI — blue channel). Data were analysed by t-test (B,C) and Mann-Whitney (D) and
shown as dot plots with box and whisker markers to identify the median and interquartile
range and min/max points. *P < 0.05; for other P values, see text; 7-8 embryos per group (9-
10 cells per group) from 4 mothers (in 4 replicates). Abbreviations: N-BCAA/N-INS Normal

BCAA, normal insulin; L-ILE/N-INS low isoleucine, normal insulin.

Figure 6. A. 2-cell mouse embryos cultured until blastocyst stage in N-BCAA/N-INS
medium supplemented with rapamycin at different concentrations — 0, 1 or 20 uM before
immunolabelling for TFEB (green) and DAPI (blue). Scale bar = 20 um. B. Percentage (%)
TFEB localisation in nuclei rather than cytoplasm increased with Rapamycin treatment. C.
Pearson correlation showing increased co-localisation between TFEB and DAPI (nuclear
staining) as rapamycin concentration increases. Data were analysed by Kruskal-Wallis and
shown as dot plots with box and whisker markers to identify the median and interquartile
range and min/max points. *P< 0.05, *** P<(0.001; for other P values, see text. 6-13 embryos
per group from 5 mothers (in 4 replicates). Abbreviations: N-BCAA/N-INS Normal BCAA,

normal insulin.
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Figure 7. A. 2-cell stage mouse embryos cultured to blastocyst stage in N-BCAA/N-INS
medium supplemented with rapamycin at different concentrations, 0, 100 nm, 1 or 20 uM,
before LysoTracker analysis (LysTr, red) and DAPI (blue). Scale bar = 20 um. B.
LysoTracker collective volume/cell is not significantly changed by rapamycin although
slightly increased at 20 uM. Data were analysed by Kruskal-Wallis test and shown as dot
plots with box and whisker markers to identify the median and interquartile range and

min/max points. For select P values, see text; 6-13 embryos per group from 5 mothers (in 4

replicates). Abbreviations: N-BCAA/N-INS Normal BCAA, normal insulin.

Figure 8. Mouse blastocyst cell volume and correlation analyses between cell volume and
endocytosis/lysosome factors for N-BCAA/N-INS (blue) and L-ILE/N-INS treatments (red).
A. Cell volume is not significantly changed between treatment groups assayed by
LysoTracker and BSA-BODIPY. B,C. Cell volume and LysoTracker number and collective
volume, respectively, are positively and significantly correlated in N-BCAA/N-INS and L-
ILE/N-INS with LysoTracker data increased in the L-ILE/N-INS group. D,E. Cell volume
and BSA-BODIPY number and collective volume, respectively, are positively correlated in
N-BCAA/N-INS and L-ILE/N-INS with BSA-BODIPY data increased in the L-ILE/N-INS
group. F. Cell volume is not significantly changed between N-BCAA/N-INS and L-ILE/N-
INS groups assayed for TFEB. G. No correlation was found between cell volume and the
percentage of TFEB in the nucleus in both groups. Data were analysed by Kruskal-Wallis
(A), correlation (B-E,G) or t test (F) and shown as dot plots with box and whisker markers to
identify the median and interquartile range and min/max points (A,F) or dot plot correlation
analysis (B-E,G). 7-8 embryos per group (9-10 cells per group) from 4 mothers (in 4

replicates). Abbreviations: N-BCAA/N-INS Normal BCAA, normal insulin; L-VAL/N-INS
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low valine, normal insulin; L-LEU/N-INS low leucine, normal insulin; L-ILE/N-INS low

isoleucine, normal insulin; N-BCAA/L-INS normal BCAA, low insulin.

Figure 9. LysoTracker collective volume per cell in human blastocyst TE from normal and
high BMI patients. A. Top TE cells labelled with LysoTracker (LysTr, red) and DAPI; scale
bar =40 um; single TE cell analysed in VOLOCITY software; scale bar = Sum. B.
LysoTracker volume per TE cell in blastocysts is higher for high BMI than normal BMI
patients. Each point is a single blastocyst and patient ID number is given alongside as in
Table 2. Mother ID was a cofactor in statistical analysis to account for possible similarity of
embryos from the same mother. E,F. Cell number and cell volume, respectively, are not
different between blastocysts from normal and high BMI patients. However, cell volume and
number were significantly influencing cofactors. Data were analysed by multilevel random
effects regression and shown as dot plots with mean and SEM. *P< 0.05; for other P values,

see text; 13-15 embryos per group from 7 mothers per group.

Figure 10. TE cells from human blastocysts stained with TFEB (green) and DAPI (blue)
from normal and high BMI patients. A. TFEB is mainly located in the cytoplasm in embryos
from normal BMI mothers while more TFEB staining co-localizes with the nucleus in high
BMI mothers. Scale bar = Sum. B. Pearson correlation showing increased mean co-
localisation between TFEB and DAPI (nuclear staining) in high versus normal BMI patients
but not to significance. Numbers represent Patient ID from Table 2. C,D. LysoTracker
collective volume and TFEB nuclear co-localisation (Pearson correlation), respectively, are
not different when comparing embryos derived from ICSI or not. Normal (blue) and high

(red) BMI patients are shown. Numbers represent Patient ID from Table 2. Data were
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analysed by multilevel random effects regression and shown as dot plots with mean and

SEM. For select P values, see text;13-14 embryos per group from 7 mothers per group.

Supplemental Figure 1. Mouse blastocyst LysoTracker (A, C) and BSA-BODIPY (B, D)
individual vesicle volumes and their distance from nucleus were not altered in response to
different culture treatments. Embryos were cultured from 2-cell stage and analysed at
blastocyst stage. A, B. Mean vesicle volume did not differ between groups. C, D. Mean
vesicle distance to nucleus did not differ between groups. E. Percentage (%) of embryos
developing to blastocysts following culture from 2-cell stage after 48 h did not differ between
treatments. F. Cell number in blastocysts did not differ between treatments. Data were
analysed by Kruskal-Wallis (A,C,E) or 1-way ANOVA (B,D,F) and shown as dot plots with
box and whisker markers to identify the median and interquartile range and min/max points.

17-24 embryos per group (30-55 cells per group) from 13 mothers (in 10 replicates).

Supplemental Figure 2. Mouse blastocyst LysoTracker (A,C) and BSA-BODIPY (B,D)
individual vesicle volumes and their distance from nucleus were not altered in response to
different culture treatments. Embryos were cultured from 2-cell stage and analysed at
blastocyst stage. A,B. Mean vesicle volume did not differ between groups. C,D. Mean vesicle
distance to nucleus did not differ between groups. Data were analysed by 1-way ANOVA and
shown as dot plots with box and whisker markers to identify the median and interquartile
range and min/max points. 13-19 embryos per group (23-38 cells per group) from 14 mothers

(in 8 replicates).
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Table 1. Amino acid concentrations present in vivo in the NPD mother uterine fluid at E3.5

(Eckert et al., 2012) and used in the N-BCA medium.

AMINO ACIDS Concentration
(mM)
Alanine 3.8
Arginine 0.16
Asparagine 0.14
Aspartic acid 1.83
Glutamic acid 4.72
Glutamine 1.41
Glycine 2.68
Histidine 0.14
Isoleucine 0.21
Leucine 0.32
Lysine 0.5
Methionine 0.18
Phenylalanine 0.14
Serine 0.97
Taurine 14.74
Threonine 0.72
Tryptophan 0.06
Tyrosine 0.18
Valine 0.45




Table 2. Patient and human embryo criteria, A Normal BMI; B High BMI. ICSI, intracytoplasmic sperm injection. Condition: PCOS, polycystic
ovary syndrome; Low S+O, low sperm and ovarian reserve; Male Inf, male infertility; Unexpl, unexplained; Tubal, tubal blockage.

A Normal BMI
Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 Mean
BMI 18.97 21.72 22.94 21.91 23.1 22.48 22.14 21.90
Age 31 35 27 38 33 35 35 33.75
Condition PCOS Low S+O Male Inf Unexpl Male Inf Tubal Unexpl
Number 8 3 10 7 4 6 4 Total 42
embryos
D3 (2) D3 (3)
Stage stored D3 D5 (1) D3 D5 D3 D5 (3) D5
ICSI NO YES YES NO YES NO NO 5NO /3 YES
Pregnancy YES NO NO YES YES NO YES 3NO /5 YES
that cycle
Blastocysts 3 1 3 3 1 2 2 Total 15 (36%)
formed
B High BMI
Patient 8 Patient 9 Patient 10 | Patient 11 | Patient 12 | Patient 13 | Patient 14 Mean
BMI 32.39 31.25 31.16 30.12 27.25 27.15 29.76 29.54
Age 36 35 34 35 34 36 35 34.7
. PCOS + Tubal +
Condition Male Inf Unexpl Male Inf Unexpl PCOS Tubal PCOS
Number 4 4 4 7 9 8 3 Total 39
embryos
D4 (2) D3 (7) D3 (6)
Stage stored D5 (2) D3 D3 D3 D5(2) D5 (2) D3
ICSI YES YES YES YES NO NO YES 4 NO/5YES
Pregnancy YES YES YES NO YES YES NO 7 YES /2 NO
that cycle
Blastocysts 1 1 2 3 4 3 2 Total 16 (41%)
formed




Supplementary Table 1. VOLOCITY protocols used for quantitative image analysis.

(a) LysoTracker or MagicRed™ and BSA-BODIPY analysis

1. Crop cell
2. Find object (based on channel) — red channel for LysoTracker Red or MagicRed™; green
channel for BSA-BODIPY; blue channel (DAPI — nucleus)
3. Remove noise from objects (fine filter)
4. Separate touching objects (by 2 um)
5. Exclude objects by size: chosen based on the literature, according to Tsichlaki and
Fitzharris, (2016) the blastocyst nuclei size is 690+20 um?® while the lysosome size range is
between 0.1 — 1.2 um diameter (Kuehnel, 2003)

5.1. vesicles <0.01 um®and > 20 um?

5.2. nuclei < 150 pm?
6. Nuclei — fill holes in objects
7. Objects of interest were selected by automatic threshold using an offset of 50%.
8. Measure distance from vesicle centre to nucleus edge (TE).

9. Object data were exported to Excel for analysis.

(b) TFEB analysis

1. Crop cell
2. Find object (based on channel) — blue channel (DAPI — nucleus) and green channel for
TFEB
3. Remove noise from objects (fine filter)
4. Separate touching objects (by 2 pum)
5. Exclude objects by size: chosen based on the literature, according to Tsichlaki and
Fitzharris, (2016) the blastocyst nuclei size is 690+20 pm?

5.1. nuclei < 150 pm*Nuclei — fill holes in objects
6. Objects of interest were selected by automatic threshold using an offset of 50%.
7. Define cytoplasm: subtract nucleus from ROIs (cell)
8. Find TFEB in nucleus: intersect nucleus with TFEB

8.1. Remove noise from objects (fine filter)

8.2. Separate touching objects (by 2 um)
9. Find TFEB in cytoplasm: intersect cytoplasm with TFEB

9.1. Remove noise from objects (fine filter)



9.2. Separate touching objects (by 2 pm)
10. Colocalization: automatic threshold (Costes) — Costes Pearson correlation

11. Object data were exported to Excel for analysis.
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8 A
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Figure 9
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Figure 10
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Supplementary Figure 1
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Supplementary Figure 2
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