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ABSTRACT

Cannabis, the most consumed psychoactive drug in the world, is increasingly used by pregnant
women. However, while cannabinoid receptors are expressed in the early embryo, the impact of
phytocannabinoids exposure on early embryonic processes is lacking. Here, we leverage a
stepwise in vitro differentiation system that captures early embryonic developmental cascade to
investigate the impact of exposure to the most abundant phytocannabinoid, A9-
tetrahydrocannabinol (A9-THC). We demonstrate that A9-THC increases the proliferation of naive
mouse embryonic stem cells (ESCs) but not of their primed counterpart. Surprisingly, this
increased proliferation, dependent on the CB1 receptor binding, is only associated with moderate
transcriptomic changes. Instead, A9-THC capitalizes on ESCs’ metabolic bivalence by increasing
their glycolytic rates and anabolic capabilities. A memory of this metabolic rewiring is retained
throughout differentiation to Primordial Germ Cell-Like Cells in the absence of direct exposure and
is associated with an alteration of their transcriptional profile. These results represent the first in-
depth molecular characterization of the impact of A9-THC exposure on early developmental
stages.
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INTRODUCTION

Cannabis is the most widely used psychoactive drug in the world'. In the United States, an
estimated 49.6 million people, roughly 18% of the population, consumed cannabis at least once
in 2020, with indications that these numbers will likely increase in the coming years as attitudes
and regulations change?3. In particular, between 7-12% of expecting women report cannabis use,
predominantly during the first trimester to alleviate the symptoms of morning sickness**. These
statistics indicate that a significant number of developing embryos are exposed to cannabis, with
limited knowledge of the biological repercussions of such exposure.

Among the several hundred unique phytocannabinoids present in Cannabis sativa, (-)-
trans-A9-tetrahydrocannabinol (A9-THC) is chiefly responsible for the psychoactivity of cannabis’.
As a result, the level of A9-THC in recreational cannabis has increased over the last 10 years and
now commonly accounts for 20% of total compounds®. The psychoactive effects of A9-THC arise
from its binding and subsequent activation of the G protein-coupled cannabinoid receptors CB1
largely expressed in the central nervous system®. In this context, A9-THC exposure has been
shown to durably alter metabolic, transcriptional and epigenetic programs in the brain'%-'3, While
over the last decades, significant attention has been paid to A9-THC’s neurological effects, there
is also evidence, albeit more limited, of its impact on reproductive functions'. Data shows CB1
expression in the male and the female reproductive tracts, in the pre-implantation embryo and in
the placenta’™ . In animal models as well as in humans, exposure to cannabis is associated with
reduced fertility, decreased testis weight and sperm count, and impairment of embryo
implantation™. In males, these effects are correlated with an alteration of the sperm transcriptome
and epigenome -8, Epidemiological evidence also indicates that A9-THC exposure is associated
with long-lasting adverse effects, with exposures in parents affecting the offspring''°. Despite this
accumulating evidence, the molecular impacts and mechanisms of A9-THC exposure at the
earliest stages of development remain to be determined.

Progression through states of pluripotency is controlled by metabolic reprogramming in the
early mammalian embryo®°2'. Accordingly, cultured pluripotent stem cells (PSCs) exhibiting
different developmental potentials are marked by specific metabolic signatures, similar to the ones
displayed by their in vivo counterparts in the embryo. For instance, mouse embryonic stem cells
(ESCs) are naive PSCs that are functionally equivalent to the inner cell mass (ICM) of the E3.5
preimplantation mouse blastocyst??. The extended developmental potential of mouse ESCs is
associated with their metabolic bivalence, as these cells rely on both glycolysis and oxidative
phosphorylation for energy production. Differentiation of naive ESCs into primed PSCs such as
epiblast-like cells (EpiLCs) is accompanied by an important metabolic shift towards aerobic
glycolysis, in link with a highly-proliferative phenotype and a more restricted developmental
potential?®2'.23, Primordial germ cells (PGCs), the embryonic precursors of gametes in
metazoans?4, are considered dormant totipotent cells because they possess the unique ability to
reacquire totipotency upon fertilization?3. In the mouse embryo, PGCs arise around embryonic day
7.5 (E7.5) from a subset of primed PSCs in the epiblast?*. Progressive increase in oxidative
phosphorylation correlates with the specification and differentiation from epiblast PSCs towards
PGCs, a process that can be replicated in vitro by inducing PGC-like cells (PGCLCs) from
EpiLCs?. In particular, the extensive metabolic, transcriptional, and epigenetic reprogramming
that PGCs undergo during their development has been proposed to be uniquely sensitive to
environmental insults, with potential consequences in the offspring?®.
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84 Here, we deployed this in vitro differentiation system to investigate the impact of A9-THC

85  exposure on early developmental stages. We demonstrate that exposure of ESCs and EpiLCs to

86  A9-THC durably alters their metabolome. We reveal that, in the absence of continuous exposure,

87  metabolic memory of A9-THC is passed onto the PGCLCs stage leading to transcriptional defects

88 in these cells. Together, our findings highlight the role of metabolic reprogramming as a

89  mechanism for early developmental A9-THC exposure.

90

91 RESULTS

92  A9-THC induces cellular proliferation of mouse embryonic stem cells but not of mouse

93 epiblast-like cells.

94 To model the impact of early A9-THC exposure on early embryonic events, we first tested

95 three distinct developmental windows: 1) exposure of ESCs, 2) exposure of EpiLCs and 3)

96 combined ESCs+EpiLCs exposure (Figure 1A). Cells were either exposed to the vehicle (mock)

97 or exposed to A9-THC in a wide dose range of 10nM-100uM, corresponding to the reported

98  physiologically-relevant concentrations of A9-THC in cannabis users?6-28,

99 The viability of ESCs exposed to increasing concentrations of A9-THC for 48h was not
100 significantly altered until the maximal dose of 100uM, subsequently serving as a positive control,
101  at which only 13.17% of cells remained alive (Figure 1B, p<0.0001, unpaired T-test). While no
102  significant changes in viability were observed between 10nM and 1uM A9-THC, the number of
103 viable ESCs significantly increased by 1.69, 1.52 and 1.28-fold, respectively, compared to the
104  mock-treated condition (Figure 1C, p=0.002, p=0.01 and p=0.03 for 10nM, 100nM and 1uM of A9-
105 THC, unpaired T-test). To determine whether this increased number of viable cells recovered after
106 A9-THC exposure was due to higher proliferation, we performed bromodeoxyuridine (BrdU)
107 labeling experiments. Exposed cells were pulsed with BrdU for 30 minutes, and its incorporation
108 in actively dividing cells was measured by flow cytometry. The percentage of BrdU-positive ESCs
109  significantly increased between 10nM and 10uM of A9-THC compared to the mock-treated
110  condition (Figure 1D, p=0.01, p=0.001, p=0.05 and p=0.01 for 10nM, 100nM, 1uM and 10uM of
111 A9-THC, unpaired T-test).

112 Next, we derived EpiLCs from unexposed ESCs and performed the same dose-response
113 experiments. Akin to ESCs, A9-THC exposure in EpiLCs did not significantly alter cellular viability
114  until the dose of 100uM (Figure 1E, 11.56% of viable cells, p<0.0001, unpaired T-test). However,
115  contrary to ESCs, A9-THC exposure in EpiLCs did not significantly increase the number of viable
116  cells nor the percentage of BrdU-positive cells (Figure 1F and Figure 1G). For the dose of 10uM
117  of A9-THC, viable EpiLCs numbers and BrdU-positive EpiLCs decreased compared to the mock-
118  treated condition (Figure 1F, 1.53-fold decrease, p=0.0007, Figure 1G, 1.42-fold decrease,
119  p=0.0024, unpaired T-test).

120 Finally, when continuously exposing ESCs and EpiLCs, cell viability was more significantly
121  and negatively impacted, except at the dose of 100nM of A9-THC (Figure 1H). Deriving EpiLCs
122 from exposed ESCs and exposing them to A9-THC for 48h did not significantly affect either their
123 cell number nor their incorporation of BrdU (Figure 11 and Figure 1J), indicating that the increased
124  proliferation observed at the ESCs stage is not carried through the naive-to-prime transition.

125 Together, the systematic testing of different exposure schemes of A9-THC in ESCs and
126  EpiLCs revealed that physiologically relevant doses of A9-THC (10nM-1uM) specifically stimulate
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127  the proliferation of ESCs, but not of EpiLCs, whether the latter are derived from exposed ESCs or
128  not.

129
130 Expression of the CB1 receptor does not explain differences in proliferative outcomes.
131 We next sought to understand the source of variation in proliferative outcomes in response

132 to A9-THC between naive mouse embryonic stem cells and primed pluripotent epiblast-like cells.
133  Such differential effects have been previously reported with A9-THC eliciting the proliferation of
134  neural progenitors?® and of human breast carcinoma cell lines3® but suppressing the proliferation
135  of activated CD4* T cells®' and of non-small cell lung cancer cells®2. In these studies, the
136  differential expression of cannabinoid receptors at the cell surface was proposed to primarily
137  mediate the variation in cellular outcomes.

138 We therefore first tested whether expression levels of CB1 varied between ESCs and
139  EpiLCs. Western-blot analysis of membrane proteins revealed however that CB1 was expressed
140 at the same levels at the cell surface of both ESCs and EpiLCs (Figure 2A and 2B). We next
141  determined whether the A9-THC-induced proliferative phenotype in ESCs was due to the
142  engagement of the CB1 cannabinoid receptor. To do so, ESCs were pretreated for 1h with 1uM
143 of SR141716 (also known as rimonabant, a specific CB1 blocker®) then exposed to 100nM or
144  100uM of A9-THC for 48h. Rimonabant pre-treatment did not significantly alter the viability of
145 ESCs compared to conditions exposed to A9-THC only (Figure 2C) but abolished A9-THC-
146  induced ESCs increased cell number at 100nM A9-THC (Figure 2D, 1.53-fold decrease,
147  p<0.0001, when comparing 100nM of A9-THC +/- 1uM of SR141716, unpaired T-test). Notably,
148  SR141716 pre-treatment, while not altering cell viability, reduced cell number compared to control,
149  suggesting a basal role for CB1 in promoting proliferation.

150 Thus, the expression of CB1 at the cell surface does not explain the differential impact of
151  A9-THC on ESC and EpiLC proliferation even if CB1 engagement is a required event for this effect
152 in ESCs.

153
154  A9-THC exposure increases glycolysis in ESCs and EpilLCs.
155 In the central nervous system, A9-THC is a known metabolic perturbator which increases

156  bioenergetic metabolism'?34. As mentioned above, the transition of naive ESCs into the primed
157  state of EpiLCs is accompanied by a switch to glycolysis for energy production 2923, Thus, to
158  capture the impact of A9-THC at every point of their transition between metabolic states, we used
159  the continuous exposure scheme of ESCs and EpiLCs outlined in Figure 1H-J. Similar to our other
160  exposure schemes, at lower A9-THC doses, the proliferation of ESCs was observed but not of
161  EpiLCs. We performed these exposures in a wide A9-THC dose range (10nM-10uM) followed by
162  bioenergetics assessment (Figure 3A).

163 First, we assessed the global energy metabolism of exposed cells by measuring the
164  nicotinamide adenine dinucleotide (phosphate) couple ratios (NAD(P)+/NAD(P)H) using the WST-
165 1 assay. In ESCs, the ratio of NAD(P)+/NAD(P)H significantly increased 1.57, 1.54, 1.29 and 1.38
166  -fold, for 10nM, 100nM, 1uM and 10uM of A9-THC, respectively, compared to the mock-treated
167  condition (Figure 3B, p<0.0001, p<0.0001, p=0.03, and p=0.0003 for 10nM, 100nM, 1uM and
168 10uM of A9-THC, unpaired T-test). In contrast, no significant increase was observed in
169  NAD(P)+/NAD(P)H ratios in exposed EpilL.Cs (Figure 3B). Consistent with the impact of continuous
170  A9-THC exposure on EpilLCs viability (Figure 1H), the NAD(P)+/NAD(P)H ratios significantly
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171  decreased at 10uM of A9-THC in EpiLCs (Figure 3B, 59% decrease for 10uM of A9-THC
172 compared to the mock-treated condition, p<0.0001, unpaired T-test).

173 Because the elevated NAD(P)+/NAD(P)H levels in A9-THC-exposed ESCs could indicate
174  increased mitochondrial activity in the context of oxidative phosphorylation3, we next studied
175 changes in mitochondrial membrane potential of exposed cells using the Mitotracker CMXRos
176  fluorescent dye®. A significant increase in mean fluorescence intensity (MFI) associated with the
177  mitochondrial stain was observed at 100nM of A9-THC in ESCs (Figure 3C, p=0.02, unpaired T-
178  test), indicating that, at this dose, the observed increase in NAD(P)+/NAD(P)H could be explained
179 by higher mitochondrial membrane potential. By contrast, no change in EpiLCs mitochondrial
180 activity was detected (Figure 3C), consistent with these cells relying on glycolysis for energy
181  production?0-23,

182 Changes in mitochondrial activity in ESCs upon A9-THC exposure, although significant,
183 remained modest and are unlikely to be the sole contributor to the more significant increase in
184  NAD(P)+/NAD(P)H upon exposure. Thus, we performed an in-depth analysis of the differential
185  impact of A9-THC on ESCs and EpiLCs bioenergetics by measuring both glycolysis (extracellular
186  acidification rate, ECAR) and mitochondrial respiration (oxygen consumption rate, OCR) using a
187  Seahorse bioanalyzer. At 100nM of A9-THC, the maximal glycolytic capacity of both ESCs and
188  EpiLCs increased significantly (Figure 3D, 15% increase, p=0.03 and 22% increase, p=0.03 for
189 ESCs and EpilLCs, respectively, compared to the mock-treated condition, unpaired T-test). In both
190 cell types, a significant decrease in glycolytic capacity was observed at 10uM of A9-THC (Figure
191 3D, 39.8% reduction, p=0.0006 and 44.8% reduction, p=0.0001, for ESCs and EpilLCs,
192  respectively, compared to the mock-treated condition, unpaired T-test). Of note, the maximal
193  glycolytic capacity of EpiLCs in the untreated condition was higher than the one of ESCs, in
194  agreement with their metabolic shift towards aerobic glycolysis (Figure 3D, 7.88% higher ECAR
195 rate in mock-treated EpiLCs compared to mock-treated ESCs, p=0.03, unpaired T-test). As a
196  consequence, A9-THC exposure significantly impacted more glycolysis in EpiLCs than ESCs,
197  both in basal capacity and upon mitochondrial inhibition by oligomycin (Supplementary Figure 1A
198 and Figure 1B). In addition, at 100nM of A9-THC, the maximal respiratory capacity of ESCs was
199  significantly increased compared to the mock-treated condition (Figure 3E, 21.8% increase,
200 p=0.03, unpaired T-test). This increase was observed only for the maximal respiratory capacity of
201  ESCs, but not for basal respiration, nor for ATP-linked respiration (Supplementary Figure 1C),
202  suggesting that A9-THC impact on mitochondrial respiration does not support increased energetic
203  production. In agreement with EpiLCs metabolic shift towards a glycolytic phenotype, increasing
204  doses of A9-THC did not alter their maximal respiratory capacity (Figure 3E), nor their global
205  oxygen consumption rate (Supplementary Figure 1D). In both cell types, a significant decrease in
206  oxygen consumption rate was observed at 10uM of A9-THC (Figure 3E and Supplementary Figure
207 1C and Figure 1D).

208 Together, our analysis of cellular bioenergetics following A9-THC exposure showed an
209 increased glycolytic rate in ESCs that was also observed in EpiLCs. However, the increased
210 oxygen consumption and the associated increase in mitochondrial activity were observed only in
211  ESCs following exposure to 100nM of A9-THC, likely for the oxidization of the accumulating
212 pyruvate generated from glycolysis.
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213 A9-THC-induced increase in glycolysis supports anabolism and ESCs proliferation

214 Because our data indicated that the impact of A9-THC exposure on stem cells’ bioenergetics
215 did not result in greater ATP production, we next sought to characterize the global metabolic
216  impact of A9-THC in these cells. ESCs and EpiLCs were continuously exposed to 100nM A9-THC
217  and intracellular metabolites were detected and quantified by mass spectrometry (Figure 4A-E).
218 To explore the metabolic signatures in the different samples, we performed a global principal
219  component analysis (PCA) (Figure 4B). All samples clustered in well-defined groups of replicates,
220  both by cell type on the first principal component (accounting for 65.81% of the variation) and by
221  A9-THC exposure on the second principal component (accounting for 20.83% of the variation). Of
222 the 126 metabolites detected in ESCs, 39 were significantly upregulated (Figure 4C and
223 Supplementary Figure 2A) and only two metabolites — NAPDH and Adenine — were significantly
224  downregulated. Of the 138 metabolites detected in EpiLCs, 95 were significantly upregulated
225  (Figure 4C and Supplementary Figure 2B) and only one metabolite — NAPDH — was significantly
226  downregulated. In agreement with the PCA, the overlap of over-expressed metabolites in
227  response to A9-THC exposure was important between the two stem cell populations (Figure 4C,
228 accounting for 79.49% and 32.63% of all upregulated metabolites in ESCs and EpilLCs,
229  respectively). The functional interpretation of the significantly upregulated metabolites confirmed
230 the A9-THC-associated increase in energy metabolism in the two stem cell populations. Indeed,
231 amongst the 25 metabolic pathways upregulated, pyruvate metabolism and glycolysis were
232 detected in both ESCs and EpiLCs (Figure 4D and Figure 4E, respectively). Increased
233 mitochondrial respiration was also seen in ESCs with the enrichment of (ubi)quinone metabolism,
234 indicating an increased synthesis of ubiquinone that serves as an electron carrier in oxidative
235  phosphorylation. Of note, metabolite measurements showed that the ratio of glutathione in its
236  reduced to oxidated form (GSH/GSSG) was unchanged in both stem cell types in response to A9-
237  THC (Supplementary Figure 2C), suggesting that the increased mitochondrial respiration does not
238 cause an overt elevation of oxidative stress. Importantly, and in agreement with the PCA, in both
239 ESCs and EpiLCs, A9-THC exposure elicited an increase in metabolic pathways that feed
240  anabolic reactions, in particular contributing to the synthesis of amino acids (tyrosine, tryptophan,
241  arginine, alanine, valine, (iso)leucine, etc.), nucleotides (“Pyrimidine metabolism”, “Purine
242 metabolism”), NAD(P)+ (“Nicotinate and nicotinamide metabolism”) and fatty acids (“Butanoate
243  metabolism”) (Figure 4D and Figure 4E).

244 Extensive metabolic profiling of ESCs and EpiLCs upon A9-THC exposure thus indicated
245 thatthe increased glycolytic rates in both stem cell populations, rather than provoking an increased
246  production of energy under the form of ATP, participated in increased anabolism. Such increased
247  anabolism could explain the proliferation observed in ESCs upon A9-THC exposure. To test this
248  hypothesis, we exposed ESCs to 100nM of A9-THC for 48h as above but 24h before the harvest,
249  cells were exposed to 10mM of 2-deoxyglucose (2-DG), an inhibitor of glycolysis®’. Despite
250 increasing the energy stress (Supplementary Figure 3), inhibition of glycolysis by 2-DG did not
251  significantly impact viability over this shorter time frame and at this concentration (Figure 4F).
252 Importantly, glycolytic inhibition by 2-DG abrogated the A9-THC-induced increase in both cell
253  number and NAD(P)+/NAD(P)H levels (Figure 4G and Figure 4H, 1.39-fold reduction and
254  p<0.0001 and 1.68-fold reduction and p=0.0064, respectively, when comparing 100nM of A9-THC
255  +/- 10mM 2-DG, unpaired T-test). Thus, exposure to A9-THC increases anabolism in both ESCs
256  and EpiLCs, however, this increased anabolism only supports cellular proliferation in ESCs.
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257 A9-THC exposure is associated with the upregulation of genes involved in anabolic
258  pathways in ESCs but not in EpilLCs.

259 Our data shows that A9-THC exposure increases anabolic pathways in both ESCs and
260 EpiLCs and that this causes the proliferation of ESCs but not of EpiLCs. We thus next examined
261  whether this differential impact of A9-THC on ESCs and EpiLCs was mirrored by a change in
262  these cells’ transcriptomes. To this aim, we performed RNA-sequencing (RNA-seq) on ESCs and
263  EpiLCs continuously exposed to 100nM A9-THC or to the vehicle control (Figure 5A).

264 Unsupervised exploration of the global transcriptome by PCA revealed that the vast majority
265  of data variation could be attributed to the cell type (PC1, accounting for 98% of the variation)
266  rather than to A9-THC exposure (PC2, accounting for 1% of the variation, Figure 5B). This
267  suggests that A9-THC exposure only moderately impacts ESC and EpiLC transcriptomes. In
268 agreement, we identified a low number of differentially expressed genes (DEGs) in both ESCs
269  and EpiLCs (Figure 5C and Figure 5D, respectively). In ESCs, only 12 genes were significantly
270  upregulated with a log2(fold-change)>0.5 and only 9 were significantly downregulated at the same
271  threshold (Figure 5C, significance corresponds to adjusted p-value<0.05). More genes were
272  differentially expressed when looking at lower fold-changes (|log2(fold-change)|>0.25, Figure 5C),
273 confirming that the magnitude of transcriptional effects due to A9-THC exposure is moderate. This
274  low transcriptional impact following A9-THC exposure was also observed in EpiLCs (Figure 5D).
275  Nevertheless, gene ontologies (GO) associated with A9-THC-induced DEGs revealed the
276  biological significance of these low transcriptional changes (Figure 5E). In particular, GO terms
277  associated with metabolic pathways involved in anabolism were significantly over-represented for
278  upregulated genes in ESCs following A9-THC exposure (Figure 5E), such as: “Cellular aromatic
279 compound metabolic process”, “Cellular nitrogen compound biosynthetic process”,
280  “Organonitrogen compound metabolic process”. This suggests that the glycolytic rewiring elicited
281 by A9-THC exposure in ESCs has some transcriptional support. Indeed, when performing joint
282  pathway integration between our transcriptomics data and our targeted metabolomics3, we
283  observed that A9-THC-induced perturbed genes and metabolites were associated with the
284  observed anabolic effects (Figure 5F). In contrast, GO terms associated with metabolism were not
285  found within the upregulated DEGs in EpiLCs. However, several GO terms relating to alterations
286 in cellular components were enriched in EpiLCs (Figure 3E), such as: “Organelle organization”,
287  “Cellular component organization or biogenesis”, “Microtubule-based process”. This indicates that
288 A9-THC exposure significantly upregulated genes in EpiLCs that impact organelles structure,
289 integrity and position, in agreement with several reports in the literature340.

290 Together, our analysis of ESCs and EpiLCs transcriptomes reveals a difference in the
291 response of these stem cell populations to A9-THC exposure: the transcriptional alterations
292  observed in ESCs supported their increased anabolism and proliferation, whereas changes in
293  EpiLCs gene expression did not correlate with their metabolic changes.

294
295  Proliferation of Primordial Germ Cell-Like Cells stemming from prior A9-THC exposure.
296 PGCs display a distinct transcriptomic and metabolic profile compared to their cellular

297  precursors that are recapitulated in vitro during the differentiation of ESCs into EpiLCs and then
298  of EpiLCs into PGCLCs. Thus, we asked whether the metabolic alterations observed in ESCs and
299  EpiLCs could lead to an altered differentiation program in PGCLCs. To this aim, we continuously
300 exposed ESCs and EpiLCs to a A9-THC dose range of 10nM-1uM (or mock control), before
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301 changing to a A9-THC-free media and inducing PGCLCs differentiation (Figure 6A). In particular,
302 we took advantage of ESCs that harbor two fluorescent reporters for germline markers,
303 Blimp1:mVenus and Stella:CFP*'. Thus, the induction efficiency of PGCLCs within 5-days old
304 embryoid bodies can be detected by monitoring the fluorescence associated with each cell in flow
305 cytometry, allowing for the determination of a double-negative population (DN), a single-positive
306  population (SP) wherein Blimp1:mVenus is expressed and a double-positive population (DP)
307  expressing both Blimp1:mVenus and Stella:CFP, which represents the true specified PGCLC
308  population.

309 We first measured the impact of ESCs + EpiLCs A9-THC exposure on PGCLC induction
310 efficiency. Flow analyses revealed a dose-dependent increase in the induction efficiency of SP
311 and DP cell populations (Figure 6B). Specifically, at 100nM A9-THC, a significant decrease in DN
312  was observed, with a corresponding significant increase of 1.14-fold in SP and of 1.64-fold in DP
313  cells (Figure 6C, p=0.0002, p=0.05, and p<0.0001 for 100nM of A9-THC in DN, SP and DP
314  populations respectively compared to the mock-treated condition, unpaired T-test). To determine
315 if the increased proportion of PGCLCs generated from exposed precursors was due to higher
316  proliferative kinetics, we performed a proliferation tracing assay#?. The tracing dye was added to
317  the cells on the day of aggregates formation, and fluorescence attenuation due to cell division was
318 measured in each subpopulation on day 5. At 100nM A9-THC, a smaller proportion of DN cells
319  underwent two or three mitotic divisions compared to the control (Figure 6D, 1.14-fold fewer cells
320 and 1.12-fold fewer cells, p=0.05 and p=0.04 for 2 divisions and 3 divisions, respectively, unpaired
321  T-test). In parallel, for the same dose, a significantly higher proportion of SP and DP cells
322 underwent three mitotic divisions compared to the control (Figure 6D, 1.24-fold and 1.11-fold,
323  p=0.03 and p=0.0035, for 3 divisions in SP and DP cells, compared to the control, unpaired T-
324  test). These results, therefore, indicate that the higher number of PGCLCs observed upon A9-
325 THC exposure originates from their increased proliferation during their specification and
326  differentiation.

327 Thus, A9-THC causes an alteration of the developmental kinetics that PGCLCs normally
328 undergo, even in the absence of direct exposure.
329

330 PGCLCs derived from A9-THC-exposed cells present an altered metabolism and

331 transcriptome

332 Since exposure to A9-THC prior to their specification increased the number of PGCLCs and
333 ESCs and PGCLCs share similar metabolic programs?°23, we next sought to characterize their
334 associated metabolic and transcriptional changes. We, therefore, assessed the impact of
335  exposure of ESCs + EpiLCs to 100nM A9-THC on PGCLCs metabolism (Figure 7A).

336 First, NAD(P)+/NAD(P)H assessment revealed a modest but significant 1.17-fold increase
337  in NAD(P)+/NAD(P)H ratio in whole day 5 embryoid bodies deriving from exposed ESCs + EpiLCs
338 compared to those deriving from mock-treated cells (Figure 7B, p=0.01, unpaired T-test). To
339 garner cell type-specific information on whether these metabolic changes were related to
340 mitochondrial activity and the differentiation of PGCLCs, we assessed the mitochondrial
341 membrane potential of each subpopulation in day 5 embryoid bodies. Embryoid bodies were
342 incubated with Mitotracker CMXRos?¢, and dissociated and analyzed by flow cytometry. The MFI
343  associated with the mitochondrial stain was then measured in each subpopulation (Figure 7C). A
344  significant increase in MFI was observed in DN, SP and DP populations deriving from exposed
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345 ESCs +EpiLCs compared to those deriving from mock controls (Figure 7C, 1.17, 1.16, 1.23 -fold,
346 p=0.006, p=0.05 and p=0.01 for DN, SP and DP, respectively, unpaired T-test). These results
347 indicate that the metabolic changes induced by A9-THC prior to PGCLCs induction and
348 differentiation are not reset during the profound reprogramming that PGCLCs undergo.

349 Because our results indicated a sustained impact of A9-THC beyond the period of direct
350 exposure, we further examined PGCLCs by performing a transcriptomic analysis. In particular,
351 day 5 embryoid bodies deriving from ESCs + EpiLCs, either exposed to 100nM of A9-THC or
352  mock-exposed, were sorted and the total RNA of DP subpopulations, representing true PGCLCs,
353  was analyzed by RNA-seq (Figure 7A). Unsupervised analysis of the global transcriptome in DP
354  PGCLCs by PCA delineated a transcriptional signature of prior A9-THC exposure (Figure 7D, PC1
355 accounting for 59% of the variance and PC2 accounting for 24% of variance). Volcano plot of
356 DEGs between DP PGCLCs deriving from mock- or 100nM A9-THC-exposed ESCs and EpiLCs
357 revealed that most of the significant transcriptional change was towards downregulation rather
358 than upregulation (Figure 7E, 11 genes were significantly upregulated whereas 97 were
359  significantly downregulated, |log2(fold-change)|>0.25 and adjusted p-value<0.05). Despite the low
360 number of upregulated DEGs, the functional annotation of their associated GO terms showed that
361 all terms enriched corresponded to metabolic processes involved in oxidative phosphorylation
362 (Figure 7F, “Aerobic electron transport chain”, “Mitochondrial respiratory chain complex |
363  assembly”, “Electron transport couple proton transport”). Thus, our data indicate that the metabolic
364 changes induced by exposure to A9-THC prior to PGCLCs specification are retained through
365 transcriptional reprogramming. Importantly, while our results show that pre-specification A9-THC
366  exposure increases PGCLCs number and mitochondrial activity, the functional annotation of GO
367 terms associated with downregulated DEGs suggests degradation of PGCLCs quality. Indeed,
368 and reminiscent of GO terms observed in EpiLCs, several GO terms relating to alterations in
369  structural cellular components (“Anatomical structure morphogenesis”, “Cellular anatomical
370  entity”), and in particular the interface with the extracellular environment (“External encapsulating
371  structure organization”, “Membrane”, “Cell periphery”, “Extracellular region”, “Extracellular space”,
372  “Extracellular matrix structural constituent”) were enriched (Figure 7G). Furthermore, GO terms
373  associated with cell adhesion and junction (“Cell adhesion”, “Cell migration”, “Collagen metabolic
374  process”, “Cell junction”, “Anchoring junction”, “Collagen trimer”) were also enriched in
375 downregulated genes.

376 Together, our data show that A9-THC exposure in ESCs and EpiLCs durably alters their
377 metabolome and that these changes are carried through PGCLCs specification and differentiation,
378 leading to an alteration of PGCLCs transcriptional program (Figure 8).

379
380 DISCUSSION
381 With greater social acceptance and legalization, cannabis use has increased worldwide'3.

382  Yet, the impact of such heightened use on reproductive functions, and in particular, on the earliest
383  developmental stages are not well understood. Cannabis use directly alters adult male fertility and
384 causes abnormal embryo implantation'™. Using a well-characterized in vitro model of early
385  embryonic differentiation events culminating into the differentiation of PGCLCs, our study is the
386 first to shed light on the impact of A9-THC at these stages which unfold during the first trimester
387  in humans**.
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388 Our data revealed the differential effects of A9-THC on naive and primed pluripotent stem
389 cells, respectively represented by ESCs and EpiLCs. In particular, exposure to A9-THC increased
390 ESCs proliferation which was in a similar range to what has been previously reported for human
391 breast carcinoma cell lines (about 30-50% between 10nM and 1uM of A9-THC)®. Differential
392  expression and use of cannabinoid receptors on the surface of exposed cells have been shown
393 to correlate with A9-THC proliferative phenotypes?®-32. However, our experiments demonstrated
394  that despite being required for A9-THC-induced proliferation in ESCs, CB1 expression did not
395  significantly differ at the surface of ESCs and EpilLCs.

396 Because A9-THC is a known perturbator of mitochondrial function as previously described
397 in the central nervous system'234 we studied the metabolic impact of its exposure in ESCs and
398  EpiLCs. Our data indicate that, at 100nM, A9-THC exposure increased the glycolytic rate in both
399 ESCs and EpiLCs. Bioenergetics analyses and metabolite measurements showed that this
400 increased glucose metabolism did not support increased energy production in the mitochondria,
401  but rather, that it led to the accumulation of metabolic intermediates used in anabolic reactions for
402  the synthesis of amino acids, nucleotides, and lipids. Thus, the metabolic signatures associated
403  with A9-THC exposure are reminiscent of those inherently occurring during naive-to-prime
404  transition, during which increased aerobic glycolytic rates feed anabolic reactions ultimately
405 fueling proliferation?*. We verified this model by testing the requirement of increased glycolysis to
406  support proliferation and indeed observed that ESCs proliferation upon A9-THC exposure is
407  abrogated in the presence of the glycolytic inhibitor 2-DG.

408 Transcriptomic analyses revealed that the metabolic reprogramming induced by A9-THC
409  exposure in ESCs was transcriptionally encoded, with increased expression of genes involved in
410 anabolic pathways. In contrast, functional annotations of DEGs in EpiLCs did not show such
411  transcriptional control of increased anabolism. Comparing the outputs of the metabolomic and
412  transcriptomic analyses (i.e. PCA plots and volcano plots), the impact of A9-THC at these early
413  stages seems to be primarily metabolic, although the moderate effects on the transcriptome
414  appear to support the metabolic outcome as revealed by our integrated analysis (Figure 5F).
415  Together, we propose that A9-THC exposure elicits a reprogramming of ESCs that (1) coaxes
416  them to rely more on aerobic glycolysis, (2) drives anabolic pathways, and therefore (3) leads to
417  their proliferation. In EpiLCs, the impact of A9-THC exposure is not sufficient to override the
418  cellular and metabolic programs of these already highly proliferative cells that are fully reliant on
419  aerobic glycolysis (Figure 8).

420 Finally, we assessed the impact of A9-THC exposure in ESCs and EpiLCs on the
421  differentiation of PGCLCs. Our data indicate that at the physiologically relevant dose of 100nM of
422  A9-THC, a significant increase in PGCLCs was observed. In particular, during PGCLCs
423  differentiation, metabolic reprogramming and increased oxidative phosphorylation play a critical
424  role in the reacquisition of an extended developmental potential?®?3. Thus, we investigated
425  whether the metabolic alterations observed in ESCs and EpiLCs upon A9-THC exposure could
426  be carried through PGCLCs differentiation. Metabolic characterization revealed that PGCLCs
427  arising from exposed ESCs and EpiLCs showed increased mitochondrial respiration. Thus, in the
428  absence of continuous exposure, A9-THC still has lasting consequences on the metabolome of
429  embryonic germ cells. A recent study in drosophila reported that nutrient stress induces oocytes
430 metabolites remodeling that drives the onset of metabolic diseases in the progeny*3. This indicates
431 that non-DNA-associated factors, such as germline metabolites, can act as factors of inheritance.
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432 Similarly, we show here that exposure to A9-THC remodels ESCs and EpiLCs metabolome and
433  that a metabolic memory of this exposure is retained during PGCLCs differentiation (Figure 8). In
434  addition to metabolic remodeling, we show that the PGCLCs transcriptome is also altered. In
435  particular, despite proliferation and a higher number of cells, the number of DEGs that were
436  downregulated in PGCLCs deriving from A9-THC-exposed ESCs and EpiLCs suggests a general
437  degradation of PGCLCs’ homeostasis. Functional annotation further indicated that these
438 downregulated genes are related to structural cellular components, to the interaction with the
439  extracellular environment and, specifically, to cell adhesion and junction. During the development
440 of the central nervous system, perinatal A9-THC exposure has also been associated with
441  alteration in cell adhesion, with an impact on neuronal interactions and morphology*+-¢. Cell-cell
442  adhesion is crucial in PGCs’ formation both in cell culture systems*” as well as in vivo where it
443  controls PGCs motility during their migration towards the developing somatic gonad“?. Our results
444  thus suggest that exposure to A9-THC prior to specification affects embryonic germ cells’
445  transcriptome and metabolome, with potentially adverse consequences on cell-cell adhesion that
446  could impact their normal development in vivo.

447 Together, our studies reveal a moderate but significant impact of A9-THC exposure on early
448  embryonic processes. Our work also highlights the importance of the metabolic remodeling
449 induced by A9-THC and its potential role as a driver of exposure memory through differentiation
450  stages.
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451  METHODS

452
453  Data availability
454 The RNA sequencing data from this study is made available at the Gene Expression

455  Omnibus (GEO) under the following accession number GSE226955. All other data are available
456  upon request.

457
458  Cell culture and PGCLCs model
459 Mouse ESCs containing the two fluorescent reporters Blimp1::mVenus and Stella::ECFP

460 (BVSC cells) were described previously 4'. The female BVSC clone H18 was kindly provided by
461  Mitinori Saitou and cells were seeded on coated plates (Poly-L-ornithine [0.001%; A-004-C;
462  Sigma-Aldrich] and laminin [300ng/mL; L2020; Sigma-Aldrich]) in 2i+LIF culture medium (N2B27
463  Media, CHIR99021 [30uM; NC9785126; Thermo Fisher], PD0325901 [10uM; NC9753132;
464  Thermo Fisher], ESGRO® Leukemia Inhibitory Factor (LIF) [1,000 U/mL, ESG1106; Sigma-
465  Aldrich]) for 48h. Differentiation of ESCs to EpiLCs was performed by seeding the cells on Human
466  Plasma Fibronectin (HPF)-coated plates [16.7ug/mL; 33016015; Thermo Fisher] in the presence
467  of EpiLC induction medium (N2B27 medium containing activin A [20ng/mL; 50-398-465; Thermo
468  Fisher], basic fibroblast growth factor (bFGF) [12ng/mL; 3139FB025; R&D Systems], and
469  KnockOut Serum Replacement [KSR, 1%; Thermo Fisher]). For PGCLCs induction, 44h EpiLCs
470  were harvested using TrypLE™ Select (1X) (Thermo Fisher) and seeded either in 96-wells plate
471  (Nunclon Sphera, Thermo Fisher) or in EZsphere plates for large-scale induction (Nacalai) in the
472  presence of GK15 medium (Glasgow’s Minimal Essential Medium [GMEM, 11710035, Thermo
473  Fisher] supplemented with 15% KSR, 0.1 mM Minimal Essential Medium Nonessential Amino
474  Acids [MEM-NEAA], 1 mM sodium pyruvate, 0.1 mM 2-mercaptoethanol, 100U/mL penicillin,
475  0.1mg/mL streptomycin, and 2 mM L-glutamine in the presence of bone morphogenetic protein 4
476  [BMP4; 500ng/mL; 5020-BP-010/CF; R&D Systems], LIF, stem cell factor [SCF; 100ng/mL; 50-
477  399-595; R&D Systems], bone morphogenetic protein 8b [BMP8b; 500ng/mL; 7540-BP-025; R&D
478  Systems], and epidermal growth factor [EGF; 50ng/mL; 2028EG200; R&D Systems]. Cells were
479  culture for 5d before collection, dissociation of embryoid bodies and downstream experiments. Al
480  cells were cultured in a humidified environment at 37°C under 5% COs-.

481
482  A9-THC exposures
483 To assess the impact of A9-THC exposure on the developmental trajectory of PGCLCs,

484  three exposure schemes were tested: 1) ESCs exposure only, 2) EpiLCs exposure only, and 3)
485 ESCs+EpiLCs exposure. The stock of A9-THC was obtained from the National Institute on Drug
486  Abuse (7370-023 NIDA; Bethesda, MD). The stock was adjusted to a concentration of 200mM
487  diluted in ethanol, aliquoted and stored according to the DEA’s recommendations. The dose range
488  of 0-100uM was determined based on A9-THC physiological measurements in the blood, plasma,
489  and follicular fluid?6-28. For each exposure, new aliquots of A9-THC were diluted in ESCs or EpiLCs
490 culture media in coated tubes (Sigmacote, Sigma Aldrich). Exposure was performed for 48h.
491  Solubility tests were performed and ethanol was added to reach the same amount for each A9-
492  THC concentration (0.05% ethanol). Vehicle control corresponded to 0.05% ethanol added to the
493  respective culture media for ESCs or EpiLCs. All experiments performed are authorized under
494  DEA registration number RA0546828.

495
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496 PGCLCs induction efficiency

497 Changes in PGCLCs induction were calculated by flow cytometry. Practically, d5 aggregates
498  were harvested, dissociated using TrypLE™ Select, and resuspended in fluorescence-activated
499  cell sorting (FACS) buffer (1xDulbecco’s phosphate buffered saline [DPBS], 1% BSA, 1 mM
500 EDTA, 25mM HEPES). Quantification of subfractions of double-positive PGCLCs
501 (Blimp1:: mVenus+ and Stella::ECFP+), single-positive (Blimp1::mVenus+) and double-negative
502 cells was performed on a BD Biosciences LSRII (UCLA BSCRC Flow Cytometry Core). Cells were
503 initially identified by forward- and side-scatter gating, with back-gating used to verify the accuracy
504 by which target cell populations were identified. Cell populations of interest were identified by 2-D
505 plots displaying the parameter of interest, using embryoid bodies cultured in GK15 medium without
506 added cytokines and BMPs as a negative control. Manually defined gates as well as quadrants
507 were used, as indicated. The FlowJo software was used to calculate percent of induction and
508 generate the associated graphs (version 10, FlowJo, LLC).

509
510 Cell viability and proliferation studies
511 The viability and viable cell count of ESCs and EpiLCs was calculated using Trypan blue

512 (0.4%, Thermo Fisher) on a Countess Il FL Automated Cell Counter (Thermo Fisher). For BrdU
513 incorporation studies, cells were permeabilized, fixed, and stained using the BrdU Flow Kit
514  (PerCP-Cy™5.5 Mouse anti-BrdU, BD Biosciences) before analysis by flow cytometry on a BD
515 Biosciences LSRII (UCLA BSCRC Flow Cytometry Core). Quantification of PGCLCs proliferation
516  was performed using CellTrace™ Yellow (5uM, added at the induction, Thermo Fisher), which
517  binds to intracellular amines after diffusing through cell membranes. The overall fluorescent signal,
518 that gradually decreases as cell division occurs, reflects the number of cell divisions occurring and
519 was measured on a BD Biosciences LSRIl (UCLA BSCRC Flow Cytometry Core). The FlowJo
520 software was used to calculate percent of induction, numbers of cell division and generate the
521  associated graphs (version 10, FlowJo, LLC).

522
523  CB1 antagonist treatment
524 To block the effects of A9-THC on the cannabinoid receptor CB1, ESCs were plated on 48-

525  well plate and were pre-treated with 1uM of SR141716/Rimonabant (SMLO800, Sigma Aldrich) for
526  1h before being exposed to the dose range of A9-THC, as above. After 24h incubation, this
527  procedure was repeated and cells were harvested after 48h total incubation. The viability and
528  viable cell count was calculated using Trypan blue (0.4%, Thermo Fisher) on a Countess Il FL
529  Automated Cell Counter (Thermo Fisher). The concentration of 1uM of Rimonabant was chosen
530 based on previous experiments®® and did not impact cell viability nor cell number on its own.

531

532  Western blotting

533 Membrane proteins were extracted from cell pellets using the Mem-PER™ Plus Membrane
534  Protein Extraction Kit (89842, Thermo Fisher) according to the manufacturer’s protocol. Western
535  blotting was performed with 25ug of protein extracts. The immunodetection was assessed using
536  primary antibodies targeting CB1 (101500, Cayman Chemical) or B-actin (3700, Cell Signaling
537  Technology) as loading control. Horseradish peroxidase (HRP)-conjugated secondary antibodies
538  were used for chemiluminescence detection (Amersham).

539
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540 WST-1 assay

541 The colorimetric assay WST-1 was used according to the manufacturer’'s instructions
542  (Roche). The tetrazolium salt WST-1 is reduced by mitochondrial dehydrogenases to formazan
543 using NAD(P)H as co-substrates. Thus, the quantity of formazan is directly proportional to
544  NAD(P)*.

545
546  Mitochondrial activity
547 Staining for mitochondria was performed by incubating cells at 37°C with 250nM MitoTracker

548  CMXRos (M7512, Thermo Fisher) for 30min 3¢. Cells were washed and analyzed by flow cytometry
549  on a BD Biosciences LSRII (UCLA BSCRC Flow Cytometry Core). The FlowJo software (version
550 10, FlowdJo, LLC) was used to calculate the mean fluorescence intensity (MFI) corresponding to
551 the average fluorescence intensity of each event of the selected cell population within the chosen
552  fluorescence channel associated to MitoTracker CMXRos.

553
554  Seahorse experiments
555 The extracellular acidification rate (ECAR) and the oxygen consumption rate (OCR) are

556 indicative of glycolysis and mitochondrial respiration, respectively. A total of 10x10® ESCs and
557 8x103% EpiLCs were seeded on Seahorse XF96 plates (101085-004, Agilent Technologies) and
558 exposed to increasing doses of A9-THC for 48h. On the day of the assay, cells were washed with
559 assay medium (unbuffered DMEM assay medium [5030, Sigma Aldrich] supplemented with
560 31.6mM NacCl, 3mg/L phenol red, 5mM HEPES, 5mM glucose, 2mM glutamine and 1mM sodium
561 pyruvate). For OCR measurement, compounds were injected sequentially during the assay
562  resulting in final concentrations of 2uM oligomycin, 0.75uM and 1.35uM FCCP, 1uM rotenone and
563  2uM antimycin. ECAR was measured in parallel. The measured quantities were normalized to the
564  protein content as measured by a BCA quantitation (23227, Thermo Fisher).

565

566 Mass spectrometry-based metabolomics analysis

567 To extract intracellular metabolites, cells were rinsed with cold 150mM ammonium acetate
568  (pH7.3) then incubated with 80% ice-cold methanol supplemented with 10 nmol D/L-norvaline for
569  1h. Following resuspension, cells were pelleted by centrifugation (15,000g, 4°C for 15min). The
570  supernatant was transferred into a glass vial and metabolites were dried down under vacuum then
571 resuspended in 70% acetonitrile. Mass spectrometry analysis was performed at the UCLA
572  Metabolomics Center with an UltiMate 3000RSLC (Thermo Scientific) coupled to a Q Exactive
573  mass spectrometer (Thermo Scientific) in polarity-switching mode with positive voltage 3.0 kV and
574  negative voltage 2.25 kV. Separation was achieved using a gradient elution with (A) 5mM NH4AcO
575  (pH 9.9) and (B) acetonitrile. The gradient ran from 15% (A) to 90% (A) over 18 min, followed by
576  an isocratic step for 9 minutes and re-equilibration for 7 minutes. Metabolites were quantified as
577  areaunder the curve based on retention times and using accurate mass measurements (< 3 ppm)
578  with the TraceFinder 3.1 software (Thermo Scientific). For heatmap depiction, the relative amounts
579  of metabolites were normalized to the mean value across all samples for one same condition and
580 to the number of viable cells harvested in parallel on a control plate. Pathway enrichment for up-
581 and downregulated KEGG metabolites (|log2(fold-change)|=0.25) was determined using the
582  MetaboAnalyst 5.0 platform (www.metaboanalyst.ca)®.
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583 RNA-sequencing

584 Total RNA was extracted from ESCs and EpiLCs pellets using the AllPrep DNA/RNA Micro
585  Kit (Qiagen), according to the manufacturer’s protocol. For PGCLCs, d5 embryonic bodies were
586 harvested and cells were dissociated using TrypLE™ Select followed by resuspension in
587 fluorescence-activated cell sorting (FACS) buffer (1xDulbecco’s phosphate buffered saline
588 [DPBS], 1% BSA, 1mM EDTA, 25 mM HEPES) and cell suspension were passed through a cell
589  strainer (70um). Cells were sorted on a BD Biosciences FACSAria Il (UCLA BSCRC Flow
590 Cytometry Core). Practically, cell populations of interest, being double-positive (Blimp1::mVenus+
591  and Stella::ECFP+) were sorted and collected in microtubes containing GK15 medium. Total RNA
592  was extracted from double-positive PGCLCs using the AllPrep DNA/RNA Micro Kit (Qiagen). RNA
593  concentration was measured using a NanoDrop™ 2000 UV spectrophotometer (Thermo Fisher).
594  Libraries were prepared with the KAPA mRNA HyperPrep Kit (BioMek) or with the RNA library
595 prep kit (ABClonal) following the manufacturers’ protocols. Briefly, poly(A) RNA were selected,
596 fragmented and double-stranded cDNA synthesized using a mixture of random and oligo(dT)
597  priming, followed by end repair to generate blunt ends, adaptor ligation, strand selection, and
598 polymerase chain reaction (PCR) amplification to produce the final library. Different index adaptors
599  were used for multiplexing samples in one sequencing lane. Sequencing was performed on an
600 lllumina NovaSeq 6000 sequencers for paired end (PE), 2x150 base pair (bp) runs. Data quality
601  check was performed using lllumina Sequencing Analysis Viewer (SAV) software. Demultiplexing
602  was performed with lllumina Bcl2fastq2 program (version 2.19.1.403; lllumina Inc.).

603

604  Differential gene expression analysis

605 The quality of the reads was verified using FastQC*° before reads were aligned to the mm10
606  reference genome (GRCm39) using STAR 3° with the following arguments: --readFilesCommand
607  zcat --outSAMtype BAM SortedByCoordinate --quantMode GeneCounts -
608  outFilterMismatchNmax 5 --outFilterMultimapNmax 1. The quality of the resulting alignments was
609 assessed using QualiMap®'. The Python package HTseq was used for gene counts % using the
610 following arguments: --stranded=no --idattr=gene_id --type=exon --mode=union -r pos --
611  format=bam. Output files were filtered to remove genes with low count (<10) then were used for
612  differential gene expression analysis using DESeq2%3. The negative binomial regression model of
613 ComBat-seq was used to correct unwanted batch effects®4. For a gene to be classified as showing
614  differential expression between treated and untreated cells, a threshold of |log2(fold-change)|=0.5
615 and Benjamini-Hochberg adjusted p-value <0.05 had to be met.

616
617 Gene Ontology (GO) Analysis
618 Lists of differentially expressed genes were generated from read counts using DESeq2

619  Bioconductor package®®. Enrichment of GO terms in lists of up- and downregulated genes
620 (|log2(fold-change)|=0.25) was determined using g:Profiler>®. Redundant GO terms were removed
621 using reduce + visualize gene ontology (REVIGO)®. Terms were included if the fold enrichment
622  (frequency of DEGs in each GO term to the frequency of total genes in GO terms) was higher than
623 1.5 and if the Benjamini-Hochberg-adjusted p-value was less than 0.05. Plots for GO terms were
624  generated using a custom R script®’.
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625  Statistical Methods

626 Statistical analyses, when not otherwise specified, were performed using GraphPad Prism
627 9 software. For significance testing, two-tailed T-tests were performed on pairwise comparisons.
628 In all cases, significance was determined by p-values less than or equal to 0.05. Each figure
629  corresponds to at least three independent biological repeats with three technical replicates (N=3,
630 n=3), unless otherwise specified. Number of asterisks on plots indicate level of statistical
631  significance: *(p<0.05), **(p<0.01), ***(p<0.001) and ****(p<0.0001).
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659 FIGURE LEGENDS

660 Figure 1: A9-THC exposure provokes the proliferation of ESCs but not EpiLCs

661 (A) Diagram illustrating A9-THC exposure scheme and experimental strategy. bFGF: basic
662  fibroblast growth factor, ESCs, embryonic stem cells; EpiLCs, epiblast-like cells; LIF, leukemia
663 inhibitory factor. (B, E, H) Whisker boxplot indicating the median cellular viability of stem cells
664  exposed to the different A9-THC doses and associated errors. (C, F, 1) Whisker boxplot indicating
665 the median number of viable cells exposed to the different A9-THC doses indicated and
666  associated errors. (D, G, J) Whisker boxplot indicating the median percentage of BrdU-stained
667 cells exposed to the different A9-THC doses and associated errors. ESCs exposed cells are
668  presented in (B, C and D). EpiLCs exposed cells deriving from unexposed ESCs are presented in
669 (E, F and G). EpiLCs exposed cells deriving from exposed ESCs are presented in (H, | and J).
670

671  Figure 2: Implication of the CB1 receptor in the proliferative phenotype.

672  (A) Western blot analysis of transmembrane protein extracts of ESCs or EpiLCs. Antibodies raised
673 against CB1 or B-actin serving as a loading control were used for immunoblotting. (B)
674  Quantification of the gel presented in (A) was done using Image Studio (version 5.2). (C) Whisker
675  boxplot indicating the median cellular viability of stem cells exposed to the different A9-THC and
676  rimonabant doses indicated and their associated errors. (D) The median numbers of viable cells
677  exposed to the different A9-THC and rimonabant doses indicated were normalized to their own
678  control (+/- rimonabant). Median and associated errors were plotted in whisker boxplots.

679

680 Figure 3: A9-THC exposure provokes an increase in glycolytic rates in ESCs and EpiLCs.
681 (A) Diagram illustrating A9-THC exposure scheme and experimental strategy. (B) The
682  NAD(P)+/NADPH ratio of stem cells exposed to the different AS-THC doses was normalized to
683 the one measured in the mock-treated condition. Median and associated errors were plotted in
684  whisker boxplots. (C) Mean fluorescence intensity (MFI) associated with the Mitotracker CMXRos
685  stain was normalized to the one measured in the mock-treated condition. Median and associated
686 errors were plotted in whisker boxplots. (D) Median and associated error of the maximal
687  extracellular acidification rate (ECAR) measured in cells exposed to the different A9-THC doses
688 and normalized to the protein content was plotted in whisker boxplots. (E) Median and associated
689  error of the maximal oxygen consumption rate (OCR) measured in cells exposed to the different
690 A9-THC doses and normalized to the protein content was plotted in whisker boxplots. For (B and
691 C), 5 technical repeats of 3 biological repeats (n=15) were plotted. One same representative
692  experiment out of three independent experiments was used to plot results in (D and E).

693

694  Figure 4: A9-THC-induced glycolysis sustain anabolism and ESCs proliferation

695 (A) Diagram illustrating A9-THC exposure scheme and experimental strategy. (B) PCA of the
696 metabolomics profiling of either ESCs or EpiLCs mock-exposed or exposed to 100nM A9-THC.
697 (C) Venn diagram showing the overlap in upregulated metabolites following A9-THC exposure in
698 ESCs and EpiLCs. (D and E) KEGG metabolite sets enrichment analysis for upregulated
699 metabolites in ESCs and EpilLCs, respectively, performed by MetaboAnalyst®®. KEGG, Kyoto
700  Encyclopedia of Genes and Genomes. (F) Whisker boxplot indicating the median cellular viability
701  of stem cells exposed to 100nM of A9-THC and 10mM of 2-DG, as indicated, and their associated
702  errors. (G) The median numbers of viable cells exposed to 100nM of A9-THC and 10mM of 2-DG,
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703  as indicated, were normalized to their own control (+/- 2-DG). Median and associated errors were
704  plotted in whisker boxplots. (H) The NAD(P)+/NADPH ratio of stem cells exposed to 100nM of A9-
705 THC and 10mM of 2-DG, as indicated, was normalized to the one measured in the mock-treated
706  condition (+/- 2-DG). Median and associated errors were plotted in whisker boxplots.

707

708  Figure 5: Metabolic changes following A9-THC exposure in ESCs are transcriptionally

709 encoded.

710  (A) Diagram illustrating A9-THC exposure scheme and experimental strategy. (B) PCA of the
711 transcriptomics profiling of either ESCs or EpiLCs mock-exposed or exposed to 100nM A9-THC.
712 (C and D) Volcano plot in ESCs and EpiLCs, respectively, showing significance [expressed in
713  logio(adjusted p-value or false-discovery rate, FDR)] versus fold-change [expressed in log2(fold-
714  change, FC)]. Thresholds for significance (adjusted p-value<0.05) and gene expression fold-
715  change [|(log2(FC)|>0.25 or |[log2(FC)|>0.5] are shown as dashed lines. Color code is as follows:
716  log2(FC)>0.5in red, log2(FC)>0.25 in orange, log2(FC)>0 in light orange, log2(FC)<0 in light blue,
717  log2(FC)>-0.25 in blue, log2(FC)>0.5 in dark blue and p-value<0.01 in pink. (E) Gene ontology
718  (GO) terms associated with up- and downregulated DEGs [|(log2(FC)|>0.25 and p<0.01)] in ESCs
719  and EpiLCs as determined by g:Profiler®. (F) Joint pathway analysis performed by the multi-omics
720 integration tool of MetaboAnalyst®. The p-values were weighted based on the proportions of
721  genes and metabolites at the individual pathway level.

722

723  Figure 6: PGCLCs deriving from ESCs and EpiLCs exposed to 100nM of A9-THC

724  proliferate.

725  (A) Diagram illustrating A9-THC exposure scheme and experimental strategy. (B) Representative
726  flow contour plots showing distribution of live-gated events, gating strategy for Stella:CFP versus
727  Blimp1:mVenus and percentages of cells in each subpopulations for ESCs and EpiLCs exposed
728  to the different doses of A9-THC indicated. DN: double negative, SP: single positive, DP: double
729  positive subpopulations. (C) The percentage of events in the gates associated to each
730 subpopulation was normalized to the one measured in the mock-treated condition. Median and
731  associated errors were plotted in whisker boxplots independently for each subpopulation. (D)
732  Representative histograms showing CellTrace™ Yellow staining profile of cells arising from ESCs
733 and EpiLCs exposed to the different doses of A9-THC indicated. The Y-axis represents the
734  average percentage of cells in each category of subpopulations undividing (purple), undergoing 1
735  division (blue), 2 divisions (green) or 3 divisions (orange). One representative experiment out of
736  three is represented.

737

738  Figure 7: A9-THC exposure prior to specification increases mitochondrial respiration in
739 PGCLCs.

740 (A) Diagram illustrating A9-THC exposure scheme and experimental strategy. (B) The
741  NAD(P)+/NADPH ratio of embryoid bodies arising from ESCs and EpiLCs exposed to 100nM of
742  A9-THC was normalized to the one measured in the mock-treated condition. Median and
743  associated errors were plotted in whisker boxplots. (C) Mean fluorescence intensity (MFI)
744  associated with the Mitotracker CMXRos stain in each subpopulation was normalized to the one
745 measured in the mock-treated condition. Median and associated errors were plotted in whisker
746  boxplots. (D) PCA of the transcriptomics profiling of DP PGCLCs deriving from ESCs and EpiLCs
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747  either mock-exposed or exposed to 100nM A9-THC. (E) Volcano plot in DP PGCLCs showing
748  significance [expressed in logio(adjusted p-value or false-discovery rate, FDR)] versus fold-
749  change [expressed in log2(fold-change, FC)]. Thresholds for significance and different enrichment
750 ratios [|(log2(FC)|>0.25 or |[log2(FC)|>0.5] are shown as dashed lines. Color code is as follows:
751  log2(FC)>0.5inred, log2(FC)>0.25 in orange, log2(FC)>0 in light orange, log2(FC)<0 in light blue,
752 log2(FC)>-0.25 in blue, log2(FC)>0.5 in dark blue and p-value<0.01 in pink. (F and G) Gene
753  ontology (GO) terms associated with up- and downregulated DEGs [|(log2(FC)|>0.25 and
754  p<0.01)], respectively, as determined by g:Profiler®s.

755

756  Figure 8: Metabolic impact of A9-THC exposure in pluripotent stem cells and primordial
757  germ cells-like cells.

758  Diagram illustrating the impact of A9-THC exposure on stem cells metabolism.

759

760  Supplementary Figure 1: Extracellular acidification rates and oxygen consumption rates
761 in ESCs and EpiLCs upon A9-THC exposure.

762 (A and B) Traces were plotted for the extracellular acidification rate (ECAR) measurements in
763  ESCs and EpiLCs, respectively, exposed to the different A9-THC doses indicated and normalized
764  to the protein content. The oligomycin injection time is indicated by an arrow and allows to
765 differentiate basal glycolytic rate from maximal glycolytic rate (when mitochondria are inhibited).
766  The datapoints used in the main figure correspond to the first timepoint in the maximal glycolytic
767  capacity section. (C and D) Traces were plotted for the oxygen consumption rate (OCR)
768 measurements in ESCs and EpiLCs, respectively, exposed to the different AS-THC doses
769 indicated and normalized to the protein content. The oligomycin, FCCP and AntimycinA/Rotenone
770  injection times are indicated by arrows and allow to differentiate basal respiration from ATP-
771  coupled respiration and maximal respiratory capacity. The datapoints used in the main figure
772 correspond to the second timepoint in the maximal respiratory capacity section. FCCP: Carbonyl
773  cyanide-p-trifluoromethoxyphenylhydrazone.

774

775  Supplementary Figure 2: Metabolite profiling in ESCs and EpiLCs upon A9-THC exposure.
776 (A and B) Heatmaps showing the log2 of the amount of each metabolite upregulated in ESCs and
777  EpiLCs upon exposure to 100nM of A9-THC. The relative amounts of metabolites were normalized
778 to the mean value across all samples for one same condition and to the number of viable cells
779  harvested in parallel on a control plate. (C) Histograms showing the ratio of reduced to oxidized
780  glutathione (GSH/GSSG) based on the amounts measured in the metabolomics profiling.

781

782  Supplementary Figure 3: Extracellular acidification rates and oxygen consumption rates
783  in ESCs upon A9-THC and 2-DG exposure.

784  (A) Traces were plotted for the extracellular acidification rate (ECAR) measurements in ESCs
785  exposed to 100nM of A9-THC and 10mM of 2-DG, as indicated, and normalized to the protein
786  content. The oligomycin injection time is indicated by an arrow and allows to differentiate basal
787  glycolytic rate from maximal glycolytic rate (when mitochondria are inhibited). (B) Traces were
788  plotted for the oxygen consumption rate (OCR) measurements in ESCs exposed to 100nM of A9-
789 THC and 10mM of 2-DG, as indicated, and normalized to the protein content. The oligomycin,
790 FCCP and AntimycinA/Rotenone injection times are indicated by arrows and allow to differentiate
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basal respiration from ATP-coupled respiration and maximal respiratory capacity. FCCP: Carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone.
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