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SUMMARY

Parental preconception experiences shape offspring development and longitudinal health outcomes,
including disease risk. In a longitudinal human cohort, we previously identified sperm let-7f-5p (let-7f) as
significantly increased in response to elevated prior perceived stress. As microRNAs (miRNAs) are causal
agents in the germline transmission of prior paternal experience, we investigated developmental outcomes
altered by increased let-7f using mouse zygote microinjection. Let-7f embryos developed at a faster rate until
stalling at the morula stage, resulting in reduced blastocyst survival. Blastocyst and fetal RNA sequencing
revealed significant differences in gene expression enriched for metabolic and growth pathways, effects
that were limited to male offspring. Sex-specific developmental differences persisted into adulthood, with
significantly increased body weight and bone length in let-7f males. These results demonstrate that
increased let-7f shapes embryo development and male fetal and adult growth, advancing our understanding
of how parental experiences may facilitate offspring developmental plasticity.

INTRODUCTION

Evidence from human epidemiological studies indicates that
parental exposures shape offspring development and contribute
to longitudinal health outcomes.'~'® More recently, focus on the
influence of paternal experiences on offspring health has grown.
Notably, in recent human and rodent model studies, paternal
preconception experiences, including altered diet, exercise,
drug and toxin exposure, age, stress, and infection, were linked
to differences in offspring cardiovascular health, metabolic func-
tion, behavioral measures, neurodevelopment, and mental
health outcomes,*81":13.14.16-31

Recent mechanistic studies have focused on small noncoding
RNAs (sncRNAs), including microRNAs (miRNAs), as causal
agents in the transmission of paternal exposures at concep-
tion.®2>° miRNA, specifically, play an important role in sperm
maturation, fertilization, and preimplantation embryo develop-
ment.*?*539 Additionally, miRNAs regulate hundreds of mRNA
targets, allowing for simultaneous and widespread coordination
of gene expression post-fertilization. Our laboratory and others
previously reported that sperm miRNAs were responsive to
environmental perturbations, uniquely positioning them as
communicators of paternal experiences thereby functioning as
regulators of offspring development.?8:29:81:40-42

In a healthy subject repeated measures longitudinal study, we
previously identified let-7f-5p (let-71) as a key sperm miRNA that
was normally lowly expressed across men but was elevated in
response to increased prior perceived stress.® Let-7 isoforms
are highly conserved across species and play important roles
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in cell differentiation and development.**° Thus, let-7f may
serve as an evolutionarily conserved response signal able to
shape the trajectory of embryo and fetal development to reflect
paternal experience. Such plasticity in early development would
provide a mechanism for an organism to be well suited to their
expected environment.®'>* However, how and when elevated
let-7f modifies development or results in lasting offspring out-
comes remains unclear.

Therefore, to examine the developmental impact of let-7f
post-fertilization, we microinjected let-7f into mouse zygotes
and examined blastocyst transcriptomics and developmental
outcomes using time-lapse imaging. Embryo and fetal sex
were assessed as a key variable in effects of elevated let-7f.
Finally, adult offspring were examined for phenotypic differences
focused on predictions from developmental findings.

RESULTS

Let-7f zygotic microinjection alters embryo survival and
the blastocyst transcriptome

To determine how elevated let-7f impacts early embryo develop-
ment, we microinjected mouse zygotes with a vehicle or a let-7f
mimic. We utilized 2 concentrations of let-7f, a concentration
based on stressed men (let-7f) and twice that (2x let-7f) to vali-
date the specificity of our mimic (Figure 1A). As the blastocyst
represents the earliest stage where distinct cell lineages emerge
(i.e., trophectoderm [TE] and inner cell mass [ICM]), we first
examined this stage (Figure 1A). Overall, we detected a signifi-
cant reduction in the percent of embryos that reached the
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Figure 1. Increased levels of let-7f at the
zygote stage impaired embryo development
and altered the blastocyst transcriptome
(A) Schematic representation of the microinjection
paradigm. Zygotes were randomly assigned to
microinjection of vehicle, let-7f, or 2x let-7f. Em-
bryos were cultured until the blastocyst stage, and
N = 10 blastocysts were pooled per biological
replicate prior to RNA isolation and sequencing.
(B) Percent of injected embryos that arrested or
reached the blastocyst stage (vehicle N = 182, let-
7fN =220, 2x let-7f N = 171; chi-square test, **p =
0.0035, ***p < 0.0001).

(C) Heatmap of 383 DEGs between vehicle (N = 7
pooled) and let-7f groups (let-7f N = 8 pooled, 2x
let-7f N = 5 pooled). Unbiased hierarchical clus-
tering of samples and genes are visualized by
dendrogram. Pink cluster contains genes down-
regulated in let-7f groups, and orange cluster con-
tains genes upregulated in let-7f groups. Vehicle
samples are denoted by “V,” let-7f samples are
denoted by “L,” and 2x let-7f samples are denoted
by “H”.

(D and E) Plots visualizing overrepresented biolog-
ical processes in (D) pink cluster and (E) orange
cluster as determined by GO functional enrichment
analysis.

(F and G) Volcano plots showing DEGs between
(F) let-7f and vehicle and (G) 2x let-7f and vehicle.
For all, DEGs have log, fold change > |1| and
adjusted p < 0.05.

(A) created with BioRender.com released under a
Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International license (https://creative
commons.org/licenses/by-nc-nd/4.0/deed.en).
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blastocyst stage in both let-7f groups (X2(2) = 17.12, p = 0.0002)
(Figure 1B). Post hoc analyses revealed significant differences
between vehicle and let-7f embryos (X%(1) = 8.501, p = 0.0035)
and vehicle and 2x let-7f embryos (X2(1) = 17.08, p < 0.0001)
but no differences between let-7f and 2x let-7f embryos
(X3(1) = 2.130, p = 0.1444) (Figure 1B).

As miRNAs primarily function to regulate gene expression, we
analyzed the blastocyst transcriptome to look for changes prop-
agated by elevated let-7f using RNA sequencing. 10 embryos
were pooled per biological replicate to provide adequate mate-
rial for high-quality RNA isolation. In comparing both let-7f
groups to the vehicle, we found 383 differentially expressed
genes (DEGs) (Figure 1C). Hierarchical clustering demonstrated
that both concentrations of let-7f impacted gene expression in
similar ways, supporting the specificity of this mimic (Figure 1C).
The pink cluster included 109 downregulated genes, and the or-
ange cluster included 267 upregulated genes (Figure 1G;
Table S1). We compared the downregulated DEGs with pre-
dicted let-7f targets and found an overlap of 12 genes, indicating
canonical action of our mimic (Figure S1A). To gain biological
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enrichment analysis. This approach al-
lowed us to identify biological processes
that were statistically overrepresented in
each cluster, highlighting functional themes that may underlie
the observed transcriptional changes. Within both clusters, we
saw significant enrichment for processes related to early devel-
opment, such as cell migration, anatomical structure develop-
ment, and cell differentiation (Figures 1D and 1E; Table S1).

In comparing the let-7f treatment groups to the vehicle sepa-
rately, differential gene expression analysis revealed 204 upre-
gulated and 68 downregulated DEGs between let-7f and vehicle
(Figure 1F). Similarly, 187 upregulated and 72 downregulated
genes were differentially expressed between 2x let-7f and
vehicle (Figure 1G). Between these two pairwise comparisons,
we found 148 shared DEGs, including 117 upregulated and 31
downregulated genes (Figure S1B). Hierarchical clustering
among these shared DEGs again demonstrated similar effects
of both let-7f concentrations on blastocyst gene expression
(Figure S1C). Within the cluster of downregulated genes, we
observed important developmental genes, including Lin28a,
Nréal, Sox7, and Trim6, and genes for several zinc-finger pro-
teins, such as Zic3 and Zfp462 (Figures 1F and 1G; Table S1).
Within the cluster of upregulated genes, we noted various
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Figure 2. The trajectory of preimplantation embryo development shifted following increased zygotic let-7f
(A) Schematic representation of time-lapse imaging paradigm of preimplantation embryos (N = 20 per group) and cell type deconvolution of blastocyst RNA

sequencing data.

(B) Plot visualizing transitions between main developmental stages (i.e., zygote, two-cell [2C], four-cell [4C], eight-cell [8C], morula, and blastocyst) of vehicle (N =
9) and let-7f (N = 6) embryos that successfully reached the blastocyst stage. Data are mean + SEM.

(C) Boxplot visualizing cell type percentage for early blastocyst and late blastocyst summarized for each group as determined by cell type deconvolution. Data are
median with first and third quartiles (box) and top and bottom quartiles (whiskers) indicated (Wilcoxon rank-sum tests, *FDR = 0.0184).

(A) and (B) created with BioRender.com released under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0 International license (https://

creativecommons.org/licenses/by-nc-nd/4.0/deed.en).

transcription and translation factors, including Pou3f1, Hoxb5,
Nkx6-2, Zbtb16, and Eif1ad6, as well as genes that contribute
to cellular metabolism, such as Me? and Chr2 (Figures 1F and
1G; Table S1).

As our RNA sequencing data showed strong evidence for the
specificity of the miRNA mimic, we proceeded with only the let-7f
group given its greater biological relevance.

Elevated let-7f shifts developmental rates of
preimplantation embryos

To investigate if differences in developmental gene expression
corresponded to changes in developmental rates, we conducted
time-lapse imaging following zygotic microinjection and cell
type deconvolution on our blastocyst RNA sequencing data
(Figure 2A). We utilized a cumulative link mixed model to assess
progression through key developmental stages (i.e., zygote,
two-cell [2C], four-cell [4C], eight-cell [8C], morula, and blas-
tocyst) based on time-lapse imaging of embryos that suc-
cessfully reached the blastocyst stage (Figure 2B; Table S2).

Progression over time was highly nonlinear (all spline terms
p < 0.001). Treatment interacted significantly with time, indi-
cating distinct developmental trajectories between vehicle and
let-7f embryos. Let-7f embryos proceeded more rapidly through
early cleavage stages (odds ratio [OR]spiine1*treatment = 91.9, 95%
confidence interval [Cl]: 6.57-1287, p < 0.001; ORgpjine2*treatment =
231, 95% CI: 8.29-6409, p = 0.0013) but progressed significantly
more slowly to later stages (ORspjinestreatment = 5.67 X 107°,95%
Cl: 3.1 x 107-1.04 x 1073, p < 0.001) (Figure 2B; Table S2). Pre-
dicted probability curves illustrated this, with let-7f embryos
predicted to more quickly reach the 2C, 4C, and 8C stages but
expected to develop to the blastocyst stage more slowly
(Figure S2A; Table S2).

Next, we estimated the percent of cells within our blastocysts
associated with key developmental stages using a single-cell
RNA sequencing reference and multi-subject single-cell decon-
volution (MuSIiC) (Figures 2A and S2B).%>°° Between treatment
groups, we saw a significant difference in the percent of cells
mapped to the early blastocyst and late blastocyst stages

iScience 29, 116115, June 19, 2026 3
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Figure 3. Let-7f altered the blastocyst tran-
scriptome in a sex-dependent manner

(A) Schematic representation of unsupervised
clustering to determine sex enrichment of pooled
blastocysts used for RNA sequencing.

(B and C) Heatmaps of (B) 310 DEGs between
male-enriched vehicle (N = 4 pooled) and let-7f
(N = 4 pooled) blastocysts and (C) 92 DEGs be-
tween female-enriched vehicle (N = 3 pooled) and
let-7f (N = 4 pooled) blastocysts. Unbiased hier-
archical clustering of samples and genes are
visualized by dendrogram. Orange cluster con-
tains genes upregulated in the let-7f group, and
pink cluster contains genes downregulated in the
let-7f group. Vehicle samples are denoted by “V,”
and let-7f samples are denoted by “L”.

(D and E) Volcano plots showing DEGs between
(D) male-enriched let-7f and vehicle blastocysts
and (E) female-enriched let-7f and vehicle blasto-
cysts.

(F and G) PPI networks generated through
STRING database for (F) male-enriched pairwise
comparison and (G) female-enriched pairwise
comparison, showing clustering of protein mod-
ules as determined by the Louvain method. For all,
DEGs have logs fold change > |1] and adjusted p <
0.05.

(A) created with BioRender.com released under a
Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International license (https://
creativecommons.org/licenses/by-nc-nd/4.0/
deed.en).
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(Figure 2C). Let-7f embryos had more cells mapped to the early
blastocyst stage than vehicle embryos (W = 4, false discovery
rate [FDR] = 0.0184) (Figure 2C). Vehicle embryos had a higher
percentage of cells mapped to the late blastocyst stage (W =
51, FDR = 0.0184) (Figure 2C). These findings corresponded to
our time-lapse imaging results, where let-7f embryos proceeded
more slowly to the blastocyst stage (Figure 2B). Importantly, we
determined that there were no significant differences in expres-
sion of key genes associated with blastocyst development
(Oct4/Pou5f1, Nanog, Cdx2, Sox2, Gata6, Tead4, and Gata3),
indicating that both groups were developmentally viable at the
blastocyst stage (Table S1).%”
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Let-7f blastocyst transcriptomic
differences are sex specific

To examine if the effects of increased let-
7f on the blastocyst transcriptome were
influenced by biological sex, we utilized
unsupervised k-means clustering to de-
fine biological replicates as either “male
enriched” or “female enriched” based
on mean expression across all Y-linked
genes (Figure 3A; Table S3). Let-7f blas-
tocysts continued to cluster together
when comparing within sex (Figures 3B
and 3C). Differential gene expression
analysis of male-enriched let-7f and
vehicle blastocysts revealed 121 down-
regulated genes and 189 upregulated genes (Figure 3D;
Table S4). Between female-enriched let-7f and vehicle blasto-
cysts, we found 17 downregulated genes and 75 upregulated
genes (Figure 3E; Table S4). Interestingly, there was a minimal
overlap between within-sex comparisons, with let-7f male-en-
riched blastocysts sharing only around 10% of their DEGs with
let-7f female-enriched blastocysts (Figure S3A).

To investigate the functional significance of these sex-specific
transcriptomic changes, we utilized protein-protein interaction
(PPI) network analysis through the STRING database. Male-en-
riched DEGs produced a network with 76 nodes and 78 edges
with significant enrichment (p < 0.0001), suggesting a high
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Figure 4. Transcriptomic changes caused by elevated zygotic let-7f persist to mid-gestation

(A) Schematic representation of microinjection and embryo transfer paradigm. Microinjected embryos (N = 7 per group) were transferred into recipient dams.
Fetoplacental units were harvested at gestational day 12.5 (E12.5), followed by RNA isolation and sequencing.

(B) Percent of transferred embryos that resulted in viable fetuses, non-viable fetuses, or were lost at E12.5 (vehicle N = 42, let-7f N = 56; chi-square test, **p = 0.
0065).

(C) Volcano plot showing DEGs between let-7f (N = 5) and vehicle (N = 9) fetuses.

(legend continued on next page)
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degree of functional connectivity between identified proteins
(Figure 3F). Using functional enrichment analysis, we determined
several biological processes that were significantly overrepre-
sented in the male-enriched PPI network. In addition to multiple
developmental processes, such as tissue development and cell
differentiation, we found significant enrichment for response to
carbohydrates, response to glucose, and cellular glucose ho-
meostasis (Table S5). Female-enriched DEGs generated a non-
significant network with 11 nodes and 6 edges (p = 0.1835)
(Figure 3G).

Transcriptomic changes persist through mid-gestation
following zygotic microinjection

To determine if the influence of elevated let-7f persisted post-im-
plantation, we transferred microinjected embryos into recipient
dams and sequenced RNA from gestational day 12.5 (E12.5) fe-
tuses and placentas (Figure 4A). There was a significant reduc-
tion in the number of viable fetuses in the let-7f group (X2(2) =
10.09, p = 0.0065) (Figure 4B). Differential gene expression anal-
ysis revealed one gene, Calb1, that was significantly upregulated
in let-7f fetuses (Figure 4C; Table S6). We found no significant
DEGs between let-7f and vehicle placentas (Figures S4A and
S4B; Table S7). As we found minimal differences with differential
gene expression analysis, we applied gene set enrichment anal-
ysis (GSEA) to both datasets to examine if there were pathway-
level differences that would not be reflected in individual gene
expression differences. GSEA revealed significant alterations in
synaptic signaling and metabolic processing in our fetal gene
expression data (Figures 4D and 4E; Table S6). Specifically,
gene sets related to the regulation of pre- and post-synaptic cal-
cium ion concentration, neuron cellular homeostasis, positive
regulation of synaptic transmission, and regulation of glycogen
catabolism were enriched in let-7f fetuses (Figures 4D and 4E).
Gene sets related to GABAergic synaptic transmission and thy-
roid-stimulating hormone secretion were depleted in let-7f fe-
tuses (Figures 4D and 4E). GSEA demonstrated significant
enrichment in let-7f placentas for regulation of the receptor
signaling pathway via JAK-STAT, steroid hormone biosynthesis,
and response to corticosterone and nutrient levels (Figure S4GC;
Table S7).

Given the male-specific differences in the blastocyst tran-
scriptome, we conducted within-sex comparisons on our fetal
and placental RNA sequencing data. Between male fetuses,
we found 9 upregulated genes, including Grip2, Phkg1, Lmx1a,
Ulk4, and Calb1, and 9 downregulated genes, including Neu-
rod6, Aspn, Klif14, Slc2a2, and Tnn (Figures 4F, S5A, and S5B).
GO functional enrichment analysis on these male-specific
DEGs revealed significant enrichment for neurodevelopmental
processes, such as neuronal stem cell division, regulation of

iScience

neuron maturation, layer formation in the cerebral cortex, and
telencephalon development, within the upregulated genes
(Figure S5D; Table S8). Among the downregulated genes, we
found significant enrichment for other neurodevelopmental pro-
cesses, including axon development and regulation of axon
guidance; metabolic processes, including carbohydrate utiliza-
tion and galactose and fructose transport; and bone develop-
ment (Figure S5E; Table S8). Let-7f female fetuses showed
significant downregulation in one gene, Prnd (Figures 4G and
S5C). Differential gene expression analysis identified 21 DEGs
between male placentas and 5 DEGs between female placentas
(Figures 4H-4l, S4D, and S4E). Notably, Ren1, Sico5a1, Bco1,
Ptrh1, EgIn3, Ramp3, and Hmga2 were upregulated and
Rab3b was downregulated in male let-7f placentas (Figure 4H).

Increased zygotic let-7f alters somatic growth in a sex-
specific manner

Next, we examined how these early developmental changes
related to elevated let-7f influenced phenotypic differences in
adult offspring (Figure 5A). Surprisingly, we found no significant
differences in the percent of successful embryo transfers
(X?(1) = 2.299, p = 0.13), litter sizes (t(7) = 1.516, p = 0.17), gesta-
tional age at birth (#(7) = 0.2659, p = 0.80), or sex ratios (X>(1) =
0.7107, p = 0.40) (Figures S6A-S6D). As let-7f was identified
as dynamically responsive to prior perceived stress, we evalu-
ated hypothalamus-pituitary-adrenal (HPA) axis responsivity.
Following a brief restraint, we saw no effect of increased zygotic
let-7f on male (Fyeatmend(18) = 1.386, p = 0.25) or female
(Fireatment(18) = 0.0014, p = 0.97) plasma corticosterone levels
(Figures S6E and S6F). We did not find an interaction of time
and treatment in males (Fiime*treatment(33.62) = 0.9165, p = 0.40)
or females (Fime*treatment(43.81) = 0.26, p = 0.81) (Figures S6E
and S6F). As expected, there was a main effect of time in both
males (F;me(33.62) = 267.3, p < 0.0001) and females
(Ftime(43.81) = 333.7, p < 0.0001) (Figures S6E and S6F).

To evaluate overall growth and development, we assessed
body weight from 3 to 8 weeks old. There was no overall differ-
ence between vehicle and let-7f males (B = 0.42 + 0.89, t =
0.47, p = 0.64), but a significant interaction between treatment
group and week was found, specifically at 6 weeks ( = 1.15 +
0.54, t = 2.12, p = 0.035), 7 weeks (p = 1.22 + 0.54, t = 2.26,
p = 0.025), and 8 weeks (f = 1.80 + 0.54, t = 3.33, p = 0.0011),
indicating that the temporal trajectory differed between groups
(Figure 5B). When comparing body weights at 8 weeks, let-7f
males weighed significantly more than vehicle males (t(28) =
2.055, p = 0.049). Let-7f males also gained significantly more
weight overall compared to vehicle males (t(28) = 2.046, p =
0.05) (Figures 5B and 5C). Conversely, no differences were found
when comparing vehicle and let-7f female offspring in body

(D and E) Gene sets significantly altered in E12.5 fetuses as determined by GSEA were related to (D) synaptic signaling and (E) metabolic processing. Positive
normalized enrichment score (NES) corresponds to enrichment in the let-7f group, and negative NES corresponds to enrichment in the vehicle group.
(F and G) Volcano plots showing DEGs between (F) male let-7f (N = 2) and vehicle (N = 4) fetuses and (G) female let-7f (N = 3) and vehicle (N = 5) fetuses. Notable

DEGs are highlighted in yellow in (F).

(H and 1) Volcano plots showing DEGs between (H) male let-7f (N = 3) and vehicle (N = 5) placentas and (I) female let-7f (N = 6) and vehicle (N = 4) placentas.
Notable DEGs are highlighted in yellow in (H). For all, DEGs have log, fold change > |1| and adjusted p < 0.05.
(A) created with BioRender.com released under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0 International license (https://creativecommons.

org/licenses/by-nc-nd/4.0/deed.en).
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Figure 5. Male let-7f offspring had increased weight gain, differential pituitary gene expression, and greater long bone length
(A) Schematic representation of microinjection and embryo transfer paradigm. Microinjected embryos (N = 10-15) were transferred into recipient dams, and
offspring were followed into adulthood.

(legend continued on next page)
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weight trajectory (Fieatment(33) = 0.1745, p = 0.68; Fiime*treat-
ment(81.08) = 0.90, p = 0.43) (Figure 5D). We also saw no differ-
ences between vehicle and let-7f females in body weight at
8 weeks (t(33) = 0.2937, p = 0.77) or overall weight gain (t(33) =
0.6574, p = 0.52) (Figures 5D and 5E). Both males and females
showed a strong effect of time on body weight (p < 0.0001)
(Figures 5B and 5D). To examine underlying factors that may
contribute to this male-specific increase in weight gain, we quan-
tified food consumption over a 24-h period. We found no differ-
ences among male or female offspring in food consumption in
grams (t(18) = 0.5855, p = 0.57; #(18) = 0.4712, p = 0.64) or
when normalized to body weight (¢(18) = 0.9209, p = 0.37;
t(18) = 0.3797, p = 0.71) (Figures 5F-5l). Next, we conducted a
glucose tolerance test to investigate any changes in glucose ho-
meostasis. We did not observe a significant effect of treatment
(Ftreatment(18) = 0.3518, p = 0.56; Fireatment(18) = 0.56, p = 0.46)
or an interaction of time and treatment (Fimetreatment(51.70) =
0.3941, p = 0.75; Fiime*treatment(34.39) = 0.0899, p = 0.91) on blood
glucose levels in males or females (Figures 5J and 5K). As ex-
pected, both males and females showed a significant main effect
of time on blood glucose levels (F;ime(51.70) = 53.95, p < 0.0001);
Fiime(34.39) = 110.5, p < 0.0001) (Figures 5J and 5K).

We next investigated potential endocrine contributors in male
offspring, specifically gene expression changes in the pituitary
gland. We found 2 upregulated and 7 downregulated genes,
including TIr7, Xkr4, Shisa5, Slc8a3, and Aatk (Figure 5L;
Table S9). To determine whether increased body weight and
gene expression changes in the pituitary corresponded with
altered linear growth, we measured long bone (i.e., tibia) length
postmortem. We observed significantly greater tibia length in
let-7f male offspring (¢(28) = 2.224, p = 0.03) (Figure 5M). Tibia
length was not significantly different between female offspring
(t(33) = 1.183, p = 0.25) (Figure 5N).

DISCUSSION

The developmental origins of health and disease (DOHaD) sug-
gest that early life exposures, including those during the precon-
ception window, can have a lasting impact on disease risk
throughout life.°® While much of this field has focused on
maternal experiences, the paternal preconception environment,
including that of prior stress and trauma, has gained increased
attention for important contributions to offspring developmental

iScience

plasticity transferred at conception.” '3715:27-30:32:33.59 gperm

small non-coding RNAs (sncRNAs), including miRNAs, serve
as environmentally responsive signals positioned to “transmit”
paternal experiences at fertilization. However, we still know little
as to how changes in levels of specific sperm miRNAs alter
offspring development. In a longitudinal human cohort, we previ-
ously identified the miRNA, let-7f, as statistically significantly
elevated in response to subject’s prior perceived stress. The
let-7 miRNA family is highly conserved across species and
known to play endogenous roles in reproductive processes
and in embryo development.**°° Therefore, we examined the
developmental effects of elevated let-7f post-fertilization.

First, to validate our zygotic microinjection approach, we
utilized 2 let-7f miRNA mimic concentrations compared to a
vehicle injection to determine changes to early embryonic
developmental progression. Both let-7f and 2 x let-7f microinjec-
tions produced embryos that successfully reached the blasto-
cyst stage but at a reduced rate. Previous studies similarly
reported that differential expression of let-7 isoforms in human
sperm and in early embryos corresponded with changes in blas-
tulation rates, supporting a role for let-7f that may predict cell dif-
ferentiation and embryo survival.*”*®°° Next, utilizing RNA
sequencing at the blastocyst stage, we validated the specificity
of our let-7f mimic microinjections by demonstrating that both
concentrations produced similar patterns of gene expression
changes compared to vehicle. Unbiased hierarchical clustering
distinguished both let-7f and 2 x let-7f from vehicle blastocysts,
supporting a specificity of let-7f for maternal mRNA targets in
the zygote and resulting outcomes by the blastocyst stage. GO
functional enrichment analyses of these blastocysts revealed
overrepresentation of cellular and developmental processes
important for embryogenesis among shared DEGs.

In the examination of statistically significantly altered blasto-
cyst gene expression, both let-7f concentrations altered the
same genes and in the same direction, again supporting the
specificity of initial targeting of the let-7f mimic. Furthermore,
we found an overlap between downregulated DEGs and pre-
dicted let-7f targets, suggesting canonical let-7f activity of the
mimic. Interestingly, however, most downregulated genes did
not overlap with predicted let-7f targets, and we found a greater
number of upregulated genes. Post-fertilization, miRNAs
selectively target stored maternal mMRNA for degradation through
the RNA-induced silencing complex (RISC) to facilitate the

(B) Weekly body weights from 3 to 8 weeks in males (N = 14-16 per group; linear mixed-effects model). Let-7f males were significantly heavier at 6 weeks (*p =
0.035), 7 weeks (*p = 0.025), and 8 weeks (*“p = 0.0011). Final body weight at 8 weeks is shown by bar graph (unpaired two-tailed Student’s t tests, *p = 0.049).
(C) Total weight gained from 3 to 8 weeks in males (unpaired two-tailed Student’s t tests, *p = 0.05).

(D) Weekly body weights from 3 to 8 weeks in females (N = 15-20 per group). Final body weight at 8 weeks is shown by bar graph.

(E) Total weight gained from 3 to 8 weeks in females.

(F and G) 24-h food consumption of male offspring (N = 10 per group) (F) in grams and (G) normalized to individual body weight.

(H and I) 24-h food consumption of female offspring (N = 10 per group) (H) in grams and (l) normalized to individual body weight.

(J and K) Blood glucose levels during a glucose tolerance test in (J) male offspring (N = 10 per group) and (K) female offspring (N = 10 per group).

(L) Volcano plot showing DEGs between male let-7f and vehicle pituitary glands (N = 6 per group). DEGs have log, fold change > |0.1| and adjusted p < 0.05.

Notable DEGs are highlighted in yellow.

(M) Long bone (tibia) length in male offspring (N = 14-16 per group; unpaired two-tailed Student’s t tests, *p = 0.03).

(N) Long bone (tibia) length in female offspring (N = 15-20 per group).

(A) and graphics for (L), (M), and (N) created with BioRender.com released under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0 International

license (https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en).
All data presented are mean + SEM.
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maternal-to-zygotic transition (MZT).*%%°%* With an expected
half-life of ~19 h, we surmise that let-7f's main direct actions
are within the zygote, likely targeting maternal mRNA for degra-
dation and impacting zygotic genome activation (ZGA).°® Thus,
at the blastocyst stage, we primarily capture downstream
changes resulting from earlier let-7f action in the zygote, with
some direct effects persisting.

Notably, propagation of changes resulting from both concen-
trations of zygotic let-7f microinjections increased expression of
metabolic enzymes, malic enzyme 1 (ME1) and carbonyl reduc-
tase 2 (CBR2), by the blastocyst stage. ME1 functions cytosoli-
cally to convert malate to pyruvate and generate NADPH, and
CBR2 is localized to mitochondria, playing a role in glucose
metabolism.®®~°° Upregulation of these genes suggests a poten-
tial increase in the metabolic demands of let-7f embryos. During
the later stages of preimplantation development, embryos un-
dergo compaction, cavitation, and cellular differentiation, result-
ing in the ICM that gives rise to the embryo-proper and the TE
that contributes to the placenta.”®"> These processes are meta-
bolically demanding, and changes in metabolic functioning may
reflect a shift in the rate of vital developmental transitions.” For
example, we found that important regulators involved in
balancing pluripotency and differentiation, Lin28a, Trim6, Zic3,
and Sox7, were downregulated in let-7f blastocysts, again
suggesting a potential deviation from expected embryonic
progression.”*~"°

Next, to assess how increased zygotic let-7f at the stress-rele-
vant concentration impacted the rate of preimplantation embryo
development, we used time-lapse imaging to measure embryo
transition rates. For embryos that successfully developed into
blastocysts, we found that let-7f embryos initially proceeded at
an accelerated rate but then transitioned more slowly between
the morula and blastocyst stages. Cell type deconvolution of
our blastocyst RNA sequencing confirmed this delayed progres-
sion to the blastocyst stage, as a greater percentage of let-7f
blastomeres was classified as early blastocyst compared to
vehicle and fewer as late blastocyst. Our results, along with pre-
vious findings in humans, suggest that increased let-7f at the
zygote stage is designed to accelerate development, but this
faster progression may not be ultimately supported by the em-
bryo, resulting in let-7f embryos arresting before the blastocyst
stage and slowed development for embryos that pro-
ceed.*®*7749.80.81 | ot_7f embryos that did reach the blastocyst
stage were developmentally viable as we found no differences
in key transcription factors associated with blastocyst develop-
ment. We found that transcriptomic changes in let-7f blastocysts
were related to metabolism and cellular differentiation, high-
lighting that disruptions in these pathways likely contributed to
differences in developmental rate.®*%*

Given the critical importance of biological sex in embryo
development and that the mature miRNA, mmu-let-7f-5p, is, in
part, derived from the X chromosome, we also examined the
influence of sex on let-7f-induced changes in the blastocyst tran-
scriptome.*®%* With unsupervised k-means clustering, we cate-
gorized our pooled blastocyst samples as either male or female
enriched and analyzed differences in gene expression within
sex. Let-7f male-enriched blastocysts showed 3x as many
DEGs as female-enriched samples. Importantly, the process of
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X chromosome inactivation is incomplete during preimplantation
development, contributing to distinct gene expression patterns
between male and female embryos.®>®” Additionally, let-7f-2,
one of the precursor genes of let-7f, is encoded on the X chromo-
some, suggesting possible sex differences in the regulation of
let-7£.9%%% Therefore, there are likely skewed differences in
gene targets and regulatory processes that have facilitated a
male-specific action of elevated let-7f post-fertilization. Next,
to gain biological insight into the sex-specific blastocyst DEGs,
we utilized PPI network analysis through the STRING database.
Notably, male-specific DEGs generated a strong PPI network
functionally enriched for developmental and metabolic pro-
cesses, including response to glucose and cellular glucose ho-
meostasis. Female-specific DEGs, however, failed to generate
a significant PPI network. In addition to its role in energy produc-
tion, glucose plays an important role in the embryo transition
from morula to blastocyst. Around this stage, a metabolic switch
occurs where glucose is essential for embryo development, spe-
cifically for TE differentiation.®>:8¢-%°

To further investigate the influence of increased zygotic let-7f
onembryo ICM and TE lineages, we examined fetal and placental
development at mid-gestation using transcriptomic changes as a
proxy for effects of zygote microinjection. We confirmed that let-
7f embryos were capable of successfully implanting and devel-
oping into morphologically normal fetoplacental units. However,
similar to our preimplantation results, we found a reduction in the
percent of let-7f embryos that resulted in viable fetuses. GSEA re-
vealed significant transcriptomic changes related to neuronal
and metabolic function in let-7f fetuses. Fetal metabolism is
closely linked with neurodevelopment, and disruptions of meta-
bolic processing during this time have been associated with
increased risk for neurodevelopmental disorders in human
studies.”"®* GSEA also indicated that let-7f placentas had
altered gene expression that was related to a response to nutrient
levels. At the interface of the maternal and fetal environment, the
placenta is also critical in supporting and regulating fetal meta-
bolism and subsequent development.®':9%:%6

Given the sex differences identified in the blastocyst transcrip-
tome, we also investigated sex differences in our fetal and
placental gene expression data. Remarkably, we again found a
greater number of DEGs in the male let-7f fetus and placenta
compared to very little changes detected within female compar-
isons. GO functional enrichment analysis identified transcrip-
tional changes related to neurodevelopment, metabolism, and
skeletal development in male let-7f fetuses. Genes identified in
let-7f male fetuses included Calb1, Neurod6, Lmx1a, and Ulk4,
crucial for neuronal differentiation and development.®’~'%
Calb1 was also identified as the only DEG when comparing let-
7f to vehicle fetuses.

Interestingly, Calb1 is a focus of neurodevelopment studies in
humans and found to be a key regulator of brain development
and function, primarily by controlling intracellular calcium dy-
namics and acting as a marker for mature neurons.'®"%? |ts
proper expression is crucial for synaptic plasticity, learning,
and memory, and dysregulation is associated with several neu-
rodevelopmental and neurodegenerative disorders, including a
risk for autism spectrum disorder.'®*7'%° Further, Calb1 also
plays a crucial, complex role in bone formation, acting as a

iScience 29, 116115, June 19, 2026 9




¢? CellPress

OPEN ACCESS

calcium buffer in osteoblasts and osteocytes, and in regulating
bone remodeling.'®

In placental tissue, within-male comparisons revealed genes
important for maternal-fetal circulation and placental growth,
including Rent, Sico5a1, Ramp3, Rab3b, and Hmga2, in let-7f
males.'®""? Not surprisingly, changes in placental function
and development are associated with disease susceptibility,
including cardiometabolic and neuropsychiatric disorders.''®
Thus, alterations in placental circulation may contribute to the
neurodevelopmental and metabolic transcriptomic changes
found in let-7f fetuses.

To determine if the developmental differences we identified
corresponded with an offspring phenotype, we compared adult
male and female mice following zygotic let-7f microinjection.
We found that let-7f embryos developed into healthy offspring
with no significant differences in embryo transfer rates, litter
sizes, gestational age at birth, or sex ratios. As a measure of
overall health, we examined offspring growth rates using body
weight trajectory from 3 to 8 weeks of age. We found that let-
7f males, but not females, were significantly heavier starting
at 6 weeks and gained significantly more weight overall. First,
we examined food intake and glucose homeostasis in adult
mice as a possible cause of increased weight gain but found
no differences for either let-7f males or females. We also eval-
uated homeostatic regulation by comparing male and female
HPA stress axis responsivity to an acute restraint as we have
previously demonstrated in mice that paternal stress produced
offspring with a hyporesponsive HPA.?®2%%* However, we
found no differences in corticosterone baseline, stress maximal
rise, or stress recovery in the HPA axis for either male or female
let-7f mice.

Given that differences in let-7f male body weights seemed to
diverge around the onset of puberty, we further investigated
potential endocrine contributors. With fetal transcriptomic
differences identified as neurodevelopmental and as the hypo-
thalamus-pituitary axis is a key regulator of growth, sex hormone
production, and metabolic rate, we conducted RNA sequencing
of male pituitary glands as a proxy for potential differences in
endocrine function between the brain and periphery.’'* As we
investigated these transcriptomic differences months after the
initial microinjection at the zygote stage, we hypothesized that
we would find subtle differences in gene expression that would
indicate a shift in developmental trajectory. To capture these dif-
ferences, we utilized a log, fold change threshold >0.1. Interest-
ingly, TIr7, a critical immune receptor expressed in dendritic
cells, was significantly downregulated in the let-7f male pitui-
tary."'® Dendritic cells in the pituitary regulate the growth and
function of hormone-producing cells, including corticotropes
and gonadotrophs, suggesting a potential alteration in these
cell populations in let-7f males."'®""” However, we did not see
differences in corticosterone production in response to stress
in males. Immune challenges were not examined here but could
be a focus of future studies in this model.

In further examination of the genes significantly altered in the
pituitary, we found several significantly downregulated genes in
let-7f males, Slc8a3, Shisa5, Xkr4, and Aatk, that shared similar
associations with traits from human genome-wide association
studies (GWASSs). Genetic variations of these genes, especially

10 iScience 29, 116115, June 19, 2026

iScience

Slc8a3 and Xkr4, are linked to bone tissue density, body
height, and signaling pathways vital for skeletal growth.'®'2*
Therefore, as we found that the let-7f males weighed more
following puberty but did not detect differences in food intake
or glucose metabolism, we next investigated whether osteo-
genesis was impacted by measuring tibia length in these
mice. Indeed, we found that only let-7f males had significantly
increased long bone length. While exciting, our findings do not
exclude additional pubertal differences that may contribute to
changes in somatic growth in let-7f male offspring, and given
that these mice were on a nutritious, high-fiber diet, studies
examining a high-fat, low-fiber diet may identify additional
metabolic differences in let-7f mice.'?®

In summary, we replicated increased sperm let-7f levels using
zygotic microinjection and identified male-specific develop-
mental changes in gene expression throughout embryo and fetal
development, with increased body weight and bone length in
adult male offspring. Significant transcriptional alterations
related to metabolism, neurodevelopment, bone growth, and a
wide range of developmental processes suggest an early mech-
anism contributing to the adult phenotype presentation, but
future studies are necessary to interrogate the mechanisms un-
derlying the precise developmental action of elevated let-7f.
Importantly, we are not suggesting that the let-7f mimic is contin-
uously and directly regulating gene expression across cell divi-
sions and development, but rather that the gene expression
changes we detect at each stage represent a response to, and
consequence of, earlier let-7f action. Certainly, the phenotype
of increased body weight and bone length in let-7f male mice
may be a consequence of an overall effect of increased let-7f
on embryo developmental rates.'?°~'2® Our current findings pro-
vide important insights into embryonic mechanisms that may
facilitate developmental plasticity, enhancing our understanding
of paternal epigenetic inheritance.

Limitations of the study

We recognize the limitation that let-7f was only one of the miR-
NAs identified in our prior human sperm study and that coordi-
nation between several dynamic sncRNA may result in changes
occurring at fertilization that drive unique developmental out-
comes. Our study also utilized two concentrations of the let-
7f mimic as well as a vehicle microinjection control to validate
specificity of the mimic and to control for embryo handling
and injection. As chemistry-matched non-targeting (scrambled)
mimic controls are still loaded into the cell’s RISC complex,
producing off-target effects, we instead included a second
mimic concentration as a specificity comparison.’?® Our find-
ings demonstrating a sex-specific effect of let-7f on blastocyst
outcomes were based on comparisons of sex-enriched pooled
samples, identified by enrichment of Y chromosome genes.
Future studies could examine RNA sequencing of embryos at
earlier stages or individual blastocysts. Analysis of transcrip-
tomic differences in male let-7f fetuses is also limited by the
small number of biological replicates. While we limited our
investigation of pituitary gene expression to male offspring
only, future studies could conduct a more exhaustive evalua-
tion of endocrine-related differences in both male and female
adult animals. Finally, future work is needed to verify the
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mechanistic actions of gene expression changes on adult
phenotypes.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study approval
All studies were performed according to experimental protocols approved by the University of Colorado Institutional Animal Care and
Use Committee (#01216), and all procedures were conducted in accordance with the NIH Guide for the Care and Use of Laboratory
Animals. Male 129S1/SvimJ and female C57BL/6 J mice were obtained from Jackson Laboratories to produce C57BL/6:129 F1 hybrid
embryos. Hsd:ICR (CD-1) vasectomized males and Hsd:ICR (CD-1) females were obtained from Envigo for embryo transfer studies.
All mice were housed in a 14:10 light:dark cycle (6:00 lights on, 19:00 lights off) with temperature 22 C and relative humidity 37%.
Food (Teklad 2920X irradiated rodent diet) and water were provided ad libitum. All animals were group housed prior to breeding.
Following breeding and embryo transfers, males and pregnant females were singly housed.

Embryo microinjections

4-8 week old C57BL/6 J females were super-ovulated via intraperitoneal injection of 5 U of pregnant mare’s serum gonadotropin
(PMSG) (Medix Biochemica, 493-10) followed by 5 IU of human chorionic gonadotropin (hCG) (Sigma-Aldrich, CG5-1VL) 48 h later.
Females were then paired with 8 week old 129S51/SvimJ sires. Breeding pairs were separated the next morning following confirma-
tion of a copulatory plug. Fertilized F1 hybrid embryos were dissected from the ampulla of the oviduct 14-16 h after hCG adminis-
tration. To remove the cumulus cells, embryos were incubated in CZB-HEPES media (Sigma-Aldrich, MR-019) supplemented with
3 mg/mL hyaluronidase (Sigma-Aldrich, H4272) for 2-3 min at room temperature.

Zygotes were randomly assigned for microinjection of nuclease-free water (vehicle) or a let-7f-5p mimic as previously described.®*
The let-7f MiIRCURY LNA microRNA (miRNA) Mimic (Qiagen, YM00471944, UGAGGUAGUAGAUUGUAUAGUU) was resuspended in
the same nuclease-free water used for vehicle injections. We previously calculated the quantity of mimic sufficient to emulate bio-
logically relevant elevated levels of miRNA delivered via mature mammalian sperm cells to be ~0.01 fg.5*'*'~"%3 Accordingly, the
stress-relevant injection concentration (let-7f) was 5 uM, with a target of reaching ~0.01 fg of let-7f mimic delivery. This second con-
centration (2x let-7f) was selected to emulate supraphysiological levels as validation of the specificity of the miRNA mimic.

Embryo culture and transfer

Injected zygotes were cultured in potassium-supplemented simplex optimized medium (KSOM, Sigma-Aldrich, MR-121) at 37 Cina
humidified atmosphere of 5% CO, and 5% O,. The KSOM culture drops were covered with light mineral oil (Sigma-Aldrich, ES-005)
to prevent evaporation. For embryo transfers, CD-1 females were synchronized by mating with vasectomized males and those with a
copulatory plug were selected as recipients. Embryos were surgically transferred into the oviducts of recipient dams.

For blastocyst RNA sequencing, embryos were cultured until the appropriate stage and then were pooled and flash frozen in liquid
nitrogen. They were stored at —80 C until RNA isolation. A total of N = 80 vehicle (N = 8 pooled), N = 110 let-7f (N = 11 pooled), and N =
50 2x let-7f (N = 5 pooled) blastocysts were retrieved. RNA isolation and sequencing were successful for N = 7 pooled vehicle sam-
ples, N = 8 pooled let-7f samples, and N = 5 pooled 2x let-7f samples.

For fetal and placental RNA sequencing, embryos were cultured until the blastocyst stage to ensure only successfully developing
embryos were transferred. Blastocysts (N = 7 per group) from both groups were surgically transferred into the same 8 week old
pseudo-pregnant CD-1 recipient dams (N = 9) to control for in utero environment, with right and left oviduct placement randomized.

At gestational day 12.5 (E12.5), pregnant females were euthanized, and fetoplacental units were harvested. The number of implan-
tation sites was recorded and compared with the number of transferred embryos. Fetuses were dissected from the decidua and
examined for viability. Fetuses exhibiting normal morphology and a visible heartbeat were classified as viable, whereas those with
abnormal morphology and no detectable heartbeat were classified as non-viable. Viable fetuses and placentas were flash frozen
in liquid nitrogen and stored at —80 C. A total of N = 19 vehicle and N = 11 let-7f fetoplacental units were harvested. Fetal RNA isola-
tion and sequencing was successful for N = 9 vehicle (5 females, 4 males) and N = 5 let-7f (3 females, 2 males). Placental RNA isolation
and sequencing was successful for N = 9 vehicle (4 females, 5 males) and N = 9 let-7f (6 females, 3 males).

For offspring studies, given that let-7f embryos did successfully implant, embryos (N = 10-15) were surgically transferred into the
oviduct of 8 week old pseudo-pregnant CD-1 recipient dams (N = 6 per group) at the 2-cell stage to minimize culture time. Only litters
with at least N = 4 pups were included in our studies.

METHOD DETAILS

RNA isolation and library prep of blastocysts

Embryos were pooled into samples of N = 10 to provide adequate material to isolate high-quality RNA. Total RNA was extracted from
frozen embryos using the PicoPure RNA Isolation Kit (Applied Biosystems, KIT0204) according to manufacturer’s instructions for
isolation from cell pellets with DNase treatment. RNA quality and concentration were confirmed with the Bioanalyzer RNA 6000
Pico (Agilent, 5067-1513). Libraries of embryo rRNA-depleted total RNA were prepared with the SMARTer Stranded Total RNA-
Seq Kit v3 - Pico Input Mammalian (Takara Bio, 634486) using 632 pg of total RNA. The High Sensitivity D1000 ScreenTape assay
(Agilent, 5067-5584/5) and the Qubit 1x dsDNA High Sensitivity assay (ThermoFisher, Q33231) was used to verify quality and to
quantify cDNA libraries. Samples were multiplexed into a single pool and sequenced using an lllumina NovaSEQ X.
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RNA isolation and library prep of E12.5 tissues

Fetal and placental tissues were homogenized in 1 mL of Trizol reagent (ThermoFisher, 15596026) using the RNA-02 program on the
gentleMACS Dissociator (Miltenyi Biotec, 130-093-235). Samples were centrifuged at 2000 x g for 1 min at 4 C, and the supernatant
was transferred to a new nuclease-free tube. 0.2 mL of chloroform was added to each sample, and then samples were shaken vigor-
ously for 15 s. Following 2-3 min incubation at room temperature, samples were centrifuged at 12,000 x g for 15 min at 4 C. RNA
isolation proceeded with the aqueous phase using the RNeasy Kit (Qiagen, 75144) with DNase treatment. RNA quality was confirmed
with the RNA ScreenTape Assay (Agilent, 5067-5576/77/78) and quantification was conducted using the Qubit RNA Broad Range
Assay Kit (ThermoFisher, Q10210/11). Libraries of fetal and placental Poly-A selected mRNA were prepared with the TruSeq
Stranded mRNA Library Prep (lllumina, 20020595) using 1 pg of total RNA. The High Sensitivity D1000 ScreenTape assay (Agilent,
5067-5584/5) and the Qubit 1x dsDNA High Sensitivity assay (ThermoFisher, Q33231) was used to verify quality and quantify
cDNA libraries. Samples were multiplexed into a single pool and sequenced using an lllumina NovaSEQ X.

RNA isolation and library prep of adult pituitary glands
Pituitary glands were harvested and frozen in liquid nitrogen from 7 week old offspring. Samples were stored at —80 C until further
processing.

Samples were homogenized in 500 pL of Trizol reagent (ThermoFisher, 15596026) using the RNA-02 program on the gentleMACS
Dissociator (Miltenyi Biotec, 130-093-235). Samples were centrifuged at 3000 x g for 2 min at 4 C, and the supernatant was trans-
ferred to a new nuclease-free tube. 0.1 mL of chloroform was added to each sample, and then samples were shaken vigorously for
15 s. Following 2-3 min incubation at room temperature, samples were centrifuged at 12,000 x g for 15 min at 4 C. RNA isolation
proceeded with the aqueous phase using the RNeasy Kit (Qiagen, 74104) with DNase treatment. RNA quality was confirmed with
the RNA ScreenTape Assay (Agilent, 5067-5576/77/78) and quantification was conducted using the Qubit RNA Broad Range Assay
Kit (ThermoFisher, Q10210/11). Libraries of rRNA-depleted total RNA were prepared with the TruSeq Stranded Total RNA Library
Prep (lllumina, 20020596) using 0.221 ug of total RNA. The High Sensitivity D1000 ScreenTape assay (Agilent, 5067-5584/5) and
the Qubit 1x dsDNA High Sensitivity assay (ThermoFisher, Q33231) was used to verify quality and quantify cDNA libraries. Samples
were multiplexed into a single pool and sequenced using an lllumina NovaSEQ X.

Time-lapse imaging of preimplantation embryos

Following microinjections, each embryo was placed into a well of a 384-well plate (Corning, 3680) filled with 50 pL of KSOM culture
medium and 50 pL of light mineral oil. A total of N = 20 embryos were plated for each group. The 384-well plate was placed inside of a
MICA Microhub system (Leica, 11889182) with incubator settings of 5% CO,, 37 C, and 63% humidity. Time-lapse imaging began
around 15:00 on the day of harvest and continued for 96 h, with images taken every hr. Developmental stage was recorded as an
ordered categorical variable with six levels: zygote, 2-cell, 4-cell, 8-cell, morula, and blastocyst. Each embryo contributed repeated
observations across time and was staged by two blinded individuals (coders). As soon as an embryo began to transition, they were
marked as the next stage. The two ratings were averaged to give the final stages as plotted.

Hypothalamus-pituitary-adrenal (HPA) axis assessment

HPA axis reactivity to a 15 min restraint was tested in 8 week old offspring animals as previously described.?® 10 pL of tail blood was
collected from mice at 0, 15, 30, and 120 min, immediately mixed with 50 mM EDTA, and kept on ice until the end of the assay. Blood
samples were centrifuged for 10 min at 1500 x g. 3.02 pL of plasma was collected and stored at —80 C until analysis. Corticosterone
levels were determined by '2%|-corticosterone radioimmunoassay (MP Biomedicals, 0712010-CF) following kit instructions.

24-h food consumption

To determine food consumption in 9 week old offspring animals, individually housed mice were given pre-weighed pellets of standard
chow in new cages at 15:00. Pellets were weighed again the following day at the same time. Weight of food consumed was normal-
ized to body weight of mice at the time of the assay.

Glucose tolerance test

Glucose tolerance of 11 week old offspring animals was measured as previously described.'** Food was removed at 07:00 and mice
were fasted for 2 h. Baseline glucose readings were collected by tail blood using the Contour Next Blood Glucose Monitoring System
(Bayer Co, Germany). Mice were then injected intraperitoneally with 0.3 g/mL glucose in saline. Subsequent glucose readings were
collected at 15, 30, 60, 90, 120 min.

QUANTIFICATION AND STATISTICAL ANALYSIS
RNA sequencing analyses
RNA sequencing data was trimmed using Trimmomatic (version 0.39) and aligned with reference genome GRCm39 from Ensembl

using kallisto (version 0.50.1).">"%® Quality was confirmed with fastqc (version 0.12.1) and muitigc (version 1.28).'*" Differential
gene expression analysis was conducted in R (version 4.5.1) using DESeq2 (version 1.48.2)."*° Log fold change shrinkage and

iScience 29, 116115, June 19, 2026  e3




¢? CellPress iScience
OPEN ACCESS

independent hypothesis weighting were utilized in the analyses.'“®"“° Unidentified genes were excluded from visualizations. Pre-
dicted targets of let-7f included genes that were identified by at least 2 out of the 3 following miRNA target prediction databases:
miRDB (version 6.0), miRWalk (version 3.0), and TargetScan (version 8.0).'%'-'%*

To determine sex enrichment of pooled blastocyst samples, normalized gene expression values (derived using the “median of ra-
tios” method) of all genes located on the Y chromosome were averaged separately for each sample. These values were used as input
features for unsupervised k-means clustering. The optimal number of clusters was determined using the elbow method, and clus-
tering was performed with k = 2 to separate samples based on sex-associated expression patterns using factoextra (version 1.0.7)."*°

Gene ontology (GO) functional enrichment analysis was performed using gprofiler2 (version 0.2.3).°° Cell type deconvolution of
blastocyst RNA sequencing was performed using a reference single-cell RNA sequencing dataset from Proks et al. and Multi-subject
Single Cell Deconvolution (MuSiC, version 1.0.0).°>°° Differences in cell type percentages were analyzed using Wilcoxon Rank-Sum
Tests with FDR correction for multiple comparisons. Protein-protein interaction (PPI) network analyses utilized STRINGdb (version
2.20.0; https://string-db.org/) with a minimum interaction score of 0.700."®” Gene Set Enrichment Analysis (GSEA) was performed
using our gene sets ranked by Log, Fold Change (LFC) and clusterProfiler (version 4.16.0)."%®

RNA sequencing of blastocysts, fetuses, and placentas employed LFC threshold > |1| and adjusted p cutoff <0.05. RNA
sequencing of pituitary glands utilized LFC threshold > |0.1] and adjusted p cutoff <0.05. As transcriptomic differences in the pituitary
were analyzed months after the initial microinjection at the zygote stage, we hypothesized we would find subtle differences and uti-
lized LFC threshold > |0.1] to capture those. Benjamini-Hochberg procedure was used to correct for multiple comparisons. For GO
functional enrichment analysis and PPI functional enrichment analysis, terms with FDR <0.05 were reported. For GSEA, gene sets
with adjusted p < 0.05 (adjusted with Benjamini-Hochberg procedure).

Time-lapse imaging analysis

To model developmental progression of preimplantation embryos, a cumulative link mixed model was employed using ordinal
(version 12-4.1) in R."*® The outcome variable was embryo stage, and time in hr was modeled flexibly with natural cubic splines
(5 degrees of freedom) to capture nonlinear developmental trajectories. Fixed effects included the interaction of time and treatment
group, and coder identity, to adjust for inter-coder variation. A random intercept for embryo ID was included to account for repeated
measures within embryos. The model was fit with a logit link and estimated via the Laplace approximation:

stage; ~ ns(time;,df = 5) = group; + coder; + (1|embryo ID;)

where / indexes embryos and j indexes time points.

Model coefficients were reported as log-odds and exponentiated odds ratios (ORs) with 95% confidence intervals. Group differ-
ences were visualized through predicted probabilities of being in each developmental stage over time, generated with ggeffects
(version 2.3.1).14°

Additional analyses

The following statistical analyses were performed using GraphPad Prism (version 10.5.0). Percent of embryo development and fetal
viability were analyzed by Chi-Square tests. For embryo development, post-hoc pairwise Chi-Square tests with Bonferroni correction
were conducted. Percent of successful embryo transfers and sex ratios were also analyzed with Chi-Square tests. Weekly body
weight measurements, corticosterone levels, and glucose levels were analyzed by two-way ANOVA with time as a repeated measure.
When ANOVA assumptions were not met, a linear-mixed effects model was employed in R Studio using Ime4 (version 1.1-38). Body
weight at 8 weeks, total weight gained, long bone length, litter size, gestational age at birth (GAB), and food consumed (in grams and
normalized) were analyzed by unpaired two-tailed Student’s t-tests. Significance was set at p < 0.05. All analyses are summarized in
Table S10. Investigators were blinded to treatment groups for all experiments and analyses. Statistical details for all experiments are
reported in the Results section and figure legends.
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