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SUMMARY

The transgenerational maternal effects of polycystic ovary syndrome (PCOS) in female progeny are being
revealed. As there is evidence that a male equivalent of PCOS may exists, we ask whether sons born to
mothers with PCOS (PCOS-sons) transmit reproductive and metabolic phenotypes to their male progeny.
Here, in a register-based cohort and a clinical case-control study, we find that PCOS-sons are more often
obese and dyslipidemic. Our prenatal androgenized PCOS-like mouse model with or without diet-induced
obesity confirmed that reproductive and metabolic dysfunctions in first-generation (F,) male offspring are
passed down to F3. Sequencing of F1—F3 sperm reveals distinct differentially expressed (DE) small non-coding
RNAs (sncRNAs) across generations in each lineage. Notably, common targets between transgenerational
DEsncRNAs in mouse sperm and in PCOS-sons serum indicate similar effects of maternal hyperandrogenism,
strengthening the translational relevance and highlighting a previously underappreciated risk of transmission
of reproductive and metabolic dysfunction via the male germline.

INTRODUCTION

Polycystic ovary syndrome (PCOS) is the leading causes of
female infertility and is associated with a high degree of comor-
bidities, including type 2 diabetes and psychiatric disorders."?
The key feature of PCOS is hyperandrogenism,® and >50% of
women with PCOS are obese,” which exacerbates their symp-
toms. Although ~15% of women worldwide suffer from PCOS,
management of the syndrome is hindered by lack of insight
into the origin and underlying mechanisms. It is known that
PCOS runs in families with both genetic and epigenetic contribu-
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tions, the latter of which are phenotypic changes that do not
involve alterations in the DNA sequence,” and that daughters
of women with PCOS are five times more likely to be diagnosed
with the syndrome.® Although a distinct phenotype of male
offspring related to PCOS has not yet been defined, sons born
to mothers with PCOS (PCOS-sons) display increased body
mass index (BMI), insulin resistance,”® and prepubertal signs
of reproductive dysfunction with increased antimdllerian (AMH)
hormone levels, indicating increased Sertoli cell number.® How-
ever, at adult age, there were no differences in circulating AMH,
sex steroids, or gonadotropins, in addition to sperm production.®
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Figure 1. Risk of being obese and altered lipid profile of sons of women with PCOS

(A) Risk of obesity during childhood in sons born to mother with polycystic ovary syndrome (PCOS) identified in the Swedish National Patient Register and in the
Multi-Generational Register (n = 467,275), expressed as hazard ratios (HRs) and 95% confidence intervals (Cls). The covariates in the adjusted model were
maternal age at delivery stratified as <25, 25-29, 30-34, and >35; maternal BMI stratified as <18.5, 18.5-24.9, 25-29.9, and > 30; parity (multiparous, nullip-
arous), cigarette consumption at enroliment (yes/no); assisted reproduction (yes/no); size for gestational age (adequate, small or large); preterm birth (yes/no);
Apgar <7 at 5 min; cesarean section; diabetes (gestational diabetes, diabetes mellitus, or use of metformin during pregnancy); and finally sub-analyses of women
with a BMI <25 and women with a BMI >25.

(legend continued on next page)
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Moreover, brothers of women with PCOS have increased AMH
hormone levels, altered gonadotrophin, and steroidogenic
secretion,'”'" as well as a metabolic phenotype with insulin
resistance and pancreatic B-cell dysfunction, dyslipidemia, and
an increased cardiovascular disease risk.'?"'° Recently, it was
shown that genetic risk factors for PCOS increase the odds of
obesity, type 2 diabetes, cardiovascular disease, and andro-
genic alopecia in men.'” Although genetic components are likely
involved in a male-PCOS phenotype, the clinical observations
suggest that maternal obesity and PCOS could also affect the
development of male fetuses and predispose them to reproduc-
tive and metabolic disorders in later life, as shown in their female
siblings.

Our and others’ recent animal studies show that prenatal
androgen or AMH exposure predisposes the first-generation
(F4) female offspring to develop PCOS-like traits, and both
reproductive and metabolic phenotypic alterations are passed
on to the F3 of females, suggesting non-genetic transgenera-
tional transmission.®'® Previous studies reveal that F; male
offspring of both rodents and sheep develop an aberrant
reproductive and metabolic phenotype due to prenatal
androgen exposure.'??® Whether these phenotypic changes
are transmitted further to subsequent male generations has
not yet been explored. Other studies have demonstrated
that maternal stress and endocrine disruptors in rodent
models cause a transgenerational transmission of phenotypes
on both female and male germline.’*?” Diet-induced
obesity from early life in male mice affects sperm with altered
small non-coding RNAs (sncRNAs), which predisposes
their male offspring in subsequent generations to obesity, sug-
gesting epigenetic inheritance potentially driven by the
germline.?%2°

Our study now provides evidence that PCOS-sons have
altered lipid profiles and are at higher risk to childhood
obesity. Several differentially expressed (DE) miRNAs found
in serum from PCOS-sons are overlapped with those identified
in serum or follicular fluid of women with PCOS, likely to regu-
late PCOS-risk genes identified by genome-wide association
studies (GWASs).°**® We then turned to the mouse models
and showed that prenatal androgen exposure and/or maternal
obesity resulted in the transmission of reproductive and meta-
bolic traits to F3 male offspring associated with common
DEsncRNAs in sperm of F4, F5, and F3 offspring (i.e., transge-
nerational DEsncRNAs). Moreover, we found that several
DEsncRNAs in serum from PCOS-sons are shared with
transgenerational DEsncRNAs in mouse sperm, highlighting
the translational relevance of our transgenerational mouse
studies.
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RESULTS

PCOS-sons are more obese together with altered
circulating lipid profile

Our previous findings show that PCOS-sons have increased BMI
and abnormal glucose and lipid metabolism.”® Besides, they
have increased AMH levels during infancy, childhood, and adult-
hood as well as smaller testicular volume.® To follow up these
findings in a large cohort, we performed a Swedish nationwide
register-based cohort study to investigate whether PCOS-sons
are more often diagnosed with obesity (Figure 1A; Table S1). Us-
ing the Swedish Medical Birth Register and the National Patient
Register, a total of 467,275 sons born in Sweden between July
2006 and December 2015 were included and followed from 2
years of age. From them, 9,828 (2.10%) were born to a mother
diagnosed with PCOS. Of the mothers diagnosed with PCOS,
165 (1.67%) had at least one prescription of metformin dis-
charged from a pharmacy. Obesity diagnosed in children was
identified by using the International Code of Diseases, v.10
(ICD-10: E66). Overall, an increased risk of obesity in sons
born to mothers with PCOS (with or without use of metformin
during pregnancy) was found (adjusted hazard ratio [HR] =
1.51 95% confidence interval [1.27-1.79]). A similar risk was
found in the sub-analysis assessing only women with PCOS
and without use of metformin. Finally, when stratifying maternal
BMI, there was an association between maternal PCOS and
childhood obesity only in the group of women with BMI >25
(HR = 1.60 [1.33-1.91]) with no association in women with BMI
<25 (HR = 1.07 [0.66-1.76]) (Figure 1A). Of note, only 2.1% of
the mothers had PCOS, which is much lower than the expected
10%-18% in the general population of reproductive age.®” In a
longitudinal case-control study from Chile,” we showed that
already at Tanner lI-lll and Tanner IV-V PCOS-sons have higher
circulating cholesterol and low-density lipoprotein (LDL) choles-
terol compared with control sons (Figures 1B and 1C; Table S2).
Moreover, sons of mothers with maternal obesity have higher
BMI and larger waist circumference compared with sons of
mothers with BMI <25 (Figures 1D-1F). The prevalence of chil-
dren who were overweight and obese was higher in those chil-
dren born to mothers with BMI >25 during pregnancy
(Figure 1G).

sncRNA analysis on serum of PCOS-sons identifies
miRNAs targeting loci of PCOS-risk genes

Next, we investigated molecular features in serum of PCOS-sons
(Chilean case control) by sncRNA sequencing (sncRNA-seq).
Among DEsncRNAs between sons of women with and without
PCOS, Piwi-interacting RNAs (piRNAs), rRNA-derived small

(B and C) Total cholesterol (B) and low-density lipoprotein (C) in sons of women with PCOS at Tanner stages I-V.

(D-G) BMI of sons of women with PCOS (D), waist circumference of sons of women with PCOS (E), body weight of sons of women with PCOS (F), and prevalence
of obesity of sons of women with PCOS (G) with Z score BMI <2 (normal weight) and Z score BMI > 2 (overweight-obesity) according to maternal nutritional state
at beginning of pregnancy distributed in BMI <25 and >25 kg/mz. Differences were calculated by chi-squared test for prevalence values and Student’s t test for

BMI and waist diameter. Control-S, control son; PCOS-S, PCOS son.

(H) The numbers of differently expressed (DE) sncRNAs in each biotype in whole blood from sons of women with PCOS and control women (n = 9/group).

(
(

1) Heatmap of DEsncRNA in whole blood from sons of women with PCOS and control women (n = 9/group).
J) Chord diagram showing DEmiRNA in whole blood from sons of women with PCOS and their target genes. Chords in different colors represent Gene Ontology

(GO) enrichment. The expression of the DEmiRNAs is shown in red (up-regulated) and blue (down-regulated).
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RNAs (rsRNAs), and microRNAs (miRNAs) were the major bio-
types (Figures 1H and 1l). As circulating miRNAs are extensively
characterized in gene regulation and as stable biomarkers, we
first asked whether DEmiRNAs of serum of PCOS-sons are
also identified in women with PCOS by comparing our data
with previously profiled serum, granulosa cells, or follicular fluid
miRNAs expression. We found that 7 out 11 DEmiRNAs in the
serum of PCOS-sons were also DE in women with PCOS (Data
S1):  hsa-miR-1299,°®  hsa-miR-122-5p,%° hsa-miR-199b-
3p,*%*" hsa-miR-199a-5p,* hsa-miR-1307-3p,** hsa-miR-96-
5p,** and hsa-miR-548ar-3p.*" Moreover, we examined in silico
targets of these DEmiRNA and revealed 783 potential target
genes (Data S2), among which six are reported as PCOS-risk
genes by GWAS, i.e., AOPEP®**® (hsa-miR-1299), TOX3%24°
(hsa-miR-1299), ERBB4°* (hsa-miR-199b-3p), GABRB1® (hsa-
miR-548ar-3p), ADGRB3*® (hsa-miR-96-5p), and MYRIP*®
(hsa-miR-96-5p). To understand the function of these overlap-
ped miRNAs, we performed Gene Ontology (GO) pathway ana-
lyses of targeted genes (Figure 1J; Data S3). Among the enriched
pathways that potentially could contribute to the pathology of
PCOS are insulin resistance (e.g., FOXO1, MTOR, GYS1,
PTEN, RPS6KB1, STAT3, CREB5, TRIB3), sex differentiation
(e.g., FER, FOXF2, LRP2, PGR, SIRT1, LHX9, AGO4), response
to hormone (e.g., KLF9, GABRB1, ITGA3, BCAR3, CYP7B1),
regulation of cellular catabolic process (e.g., ABCA2, ABCD1,
PIK3CA, DISC1, MAP3K5), and GnRH secretion (e.g., ITPRT,
PIK3CA, PIK3R1, PLCB4, PIK3R3).

Maternal obesity in Fo dam causes transgenerational
reproductive dysfunction in male offspring

We used our previously validated mouse models® to investigate
whether F; male offspring that were directly exposed to diet-
induced maternal obesity, prenatal androgens, or the combina-
tion of the two exposures could develop reproductive traits in
adult males and if such traits are passed on to F, (direct germline
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exposure, i.e., intergenerational) and F3 (transgenerational) male
offspring. The phenotype of F, dams has recently been
described in detail.® In total, four experimental lineages were
studied: (1) control diet + vehicle (control); (2) control diet + dihy-
drotestosterone (androgenized); (3) high-fat, high-sucrose diet +
vehicle (obese); and (4) high-fat, high-sucrose diet + dihydrotes-
tosterone (obese and androgenized) (Figure 2A). F; male
offspring were mated with unrelated healthy females to generate
F,, and F, male offspring were mated with unrelated healthy fe-
males to generate F3 and each generation were compared with
parallel bred controls, which is required to study transgenera-
tional inheritance. Phenotypic testing was performed between
15 and 22 weeks of age in each generation.

Anogenital distance, a marker of in utero androgen exposure,*”
was longer in F; and F3 male offspring in the obese lineage,
demonstrating a transgenerational effect due to maternal obesity,
whereas it was longer only in the F; male offspring in the andro-
genized lineage (Figure 2B). Notably, the transgenerational trans-
mission of anogenital distance was independent of circulating sex
steroids, as we found neither differences in circulating testos-
terone, dihydrotestosterone, and androstenedione nor in testis
AMH concentrations in F; and F3 male offspring in any of the line-
ages (Figures S1A-S1D), suggesting that the transgenerational
effects are caused by initial maternal condition rather than exces-
sive circulating androgens in F; and F3 male offspring.

Moreover, we found lower testis weight in F; male offspring in
the androgenized and obese lineages, respectively, compared
with controls, although no difference was observed in their respec-
tive F3 males (Figure 2C). In contrast, there was a latent effect in F5
and F3 male offspring in the combined obese and androgenized
lineage with lower testis weight compared with the obese lineage
(Figure 2C). In line with the low testis weight, the obese and andro-
genized lineage of F3 showed a low total sperm count (Figure 2D).

Maternal obesity and prenatal androgen exposure affect mito-
chondrial morphology of Mil oocytes.® Accordingly, we analyzed

Figure 2. Prenatal androgen and maternal obesity exposure causes transgenerational reproductive phenotypes in male offspring

(A) Schematic illustration of the experimental design. (1) CD+Veh (control lineage), (2) CD+DHT (androgenized lineage), (3) HFHS+Veh (obese lineage), and (4)
HFHS+DHT (obese and androgenized lineage).

(B) Transgenerational increase in anogenital distance (AGD) in the obese and the obese and androgenized lineages. CD+Veh (F1: n = 10, litters = 5; Fo: n = 15,
litters = 4; F3: n =16, litters = 4); CD+DHT (F1: n =10, litters = 5; F»: n = 13, litters = 4; F3: n = 23, litters = 4); HFHS+Veh (F1: n =10, litters = 5; F»: n = 18, litters = 4; F3:
n =19, litters = 4); and HFHS+DHT (F4: n = 10, litters = 7; Fo: n = 17, litters = 4; F3: n = 13, litters = 4).

(C) Testis weight normalized to body weight in F1—F3 male offspring. CD+Veh (F1: n =7, litters = 5; Fo: n = 10, litters = 4; F3: n = 8, litters = 4); CD+DHT (F1: n =10,
litters = 5; Fo: n = 13, litters = 4; F3: n = 8, litters = 4); HFHS+Veh (F1: n = 10, litters = 5; Fo: n = 12, litters = 4; F3: n = 8, litters = 4); and HFHS+DHT (F4: n = 8, litters = 7;
Fo: n =16, litters = 4; F3: n = 8, litters = 4).

(D) Total sperm counts in F1—F3 male offspring. CD+Veh (F4: n = 10, litters = 5; F,: n = 6, litters = 4; F3: n = 16, litters = 4); CD+DHT (F1: n = 10, litters =5; Fo: n =8,
litters = 4; F3: n =12, litters = 4); HFHS+Veh (F1: n = 11, litters = 5; Fo: n = 8, litters = 4; F3: n = 6, litters = 4); and HFHS+DHT (F1: n =10, litters = 7; Fo: n = 8, litters = 4;
Fz: n =11, litters = 4).

(E) Representative transmission electronic microscopy images of mitochondrial morphology in pachytene spermatocytes in Fi-F3 testis. Yellow arrows:
condense mitochondria, red arrows: intermediate form of mitochondria, and pink arrows: elongated form of mitochondria.

(F) Quantification of mitochondrial morphology: normal type, condense (C); abnormal types, intermediate (I) and elongated (E) forms, in pachytene spermatocytes
in F4, F», and F3 male offspring. Scale bar: 5 um. CD+Veh (F4: n = 3, litters = 3; F»: n = 2, litters = 2; F3: n = 5, litters = 4); CD+DHT (F1: n =3, litters = 3; Fo: n =5,
litters = 4; F3: n =5, litters = 4); HFHS+Veh (F4: n = 3, litters = 3; F,: n = 4, litters = 4; F5: n = 5, litters = 4); and HFHS+DHT (F1: n = 3, litters = 3; F»: n = 2, litters = 2; Fa:
n = 3, litters = 3).

(G) Representative images of the mitochondrial sheath of sperm from testis in F4, F», and F3 male offspring. Yellow arrows: normal mitochondria, and red arrows:
abnormal mitochondria. Scale bar: 5 um.

Lineage: control: CD+Veh, maternal control diet + vehicle exposure; androgenized: CD+DHT, maternal control diet + dihydrotestosterone exposure; obese:
HFHS+Veh, maternal high-fat, high-sucrose diet + vehicle exposure; and the obese and androgenized: HFHS+DHT, maternal high-fat, high-sucrose diet + di-
hydrotestosterone exposure. Comparison between the groups was performed using linear mixed-effects models and non-repeated measures (ANODE,
R package car). Each dot represents one offspring mouse. All data are presented as mean + SEM.
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mitochondrial morphology in the testis by transmission electron
microscopy. During spermatogenesis, three different types of
cristae morphology are present in mitochondria: orthodox type
(Sertoli cells, spermatogonia, and preleptotene and leptotene
spermatocytes), intermediate type (zygotene spermatocytes),
and condense type (pachytene and secondary spermatocytes
and early spermatids).*® F; of the androgenized lineage and F;
and F3 male offspring of the obese lineage had spermatocytes
with more intermediate-type (abnormal) mitochondria and a
declining number of condensed (normal) mitochondria in pachy-
tene spermatocytes and round spermatids (Figures 2E and 2F).
We further analyzed the mitochondrial sheath of sperm and
found abnormal crista structures with vacuoles, indicating
morphological abnormalities in F; male offspring in the obese
and the obese and androgenized lineages (Figure 2G). In F,
male offspring, the aberrant mitochondrial sheath was observed
in all three lineages (Figure 2G), which was retained in F3 male
offspring as a transgenerational effect (Figure 2G). These find-
ings were further supported by dysregulated expression of key
mitochondrial genes in testis of Fq, F», and F3 male offspring,
namely Tfam1 (transcription factor A; mitochondrial), Drp7 (dy-
namin-related protein 1), Opa? (OPA1 mitochondrial dynamin-
like GTPase), and Guf1 (GUF1 homolog; GTPase) (Figure S1E).
Despite these mitochondrial phenotypes, there are no significant
changes in sperm morphology in F1—F3 male offspring and no ef-
fect on the fecundity of F; and F, adult males (Figures S1F-S1H).

Collectively, these results suggest that altered reproductive
(testis and sperm mitochondrial) functions are transmitted
across generations in male offspring of the obese lineage, and
there is a strong and belated effect in F3 male progeny in the
combined obese and androgenized lineage.

Prenatal androgen exposure and maternal obesity
cause transgenerational metabolic dysfunction in male
offspring
F+ male offspring in the androgenized and in the androgenized
and obese lineages, respectively, gained more weight, whereas
F. in the androgenized lineage gained less weight with no differ-
ence in F3 male offspring (Figure S1l). Both F; and F3 male
offspring in the androgenized and in the obese lineages, respec-
tively, had more fat mass (Figure 3A). Increased fat mass was
observed independent of lean mass (Figure S1J). In support of
the increased adiposity in F1 and F3 male offspring in the andro-
genized and obese lineages, we also found enlarged epididymal
adipocytes (Figures 3B and 3C). The observation of increased fat
mass and enlarged adipocytes was further supported by
impaired glucose metabolism in F1 and F3 male offspring in the
obese lineage as shown by increased area under the curve-oral
glucose tolerance test (AUC-OGTT) (Figures 3D, 3E, and S2A).
Although there was no transgenerational transmission of
adiposity and impaired glucose homeostasis in the combined
obese and androgenized lineage, we found higher liver triglycer-
ides content in F3 male offspring (Figure 3F). Furthermore, the
accumulation of neutral lipids in the liver further corroborated
these observations in the combined lineage, as well as the trans-
generational effects of increased fat mass and enlarged epidid-
ymal adipocytes in the obese and androgenized lineages,
respectively (Figure 3G).
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To gain a deeper understanding of the metabolic phenotypes,
we used indirect calorimetry and found that F; male offspring in
the androgenized and the combined lineages, and F; male
offspring in all lineages, had altered respiratory exchange ratio
(RER) (day or night), which is an indicator of fuel selection and
-utilization and altered energy expenditure (EE), indicating
dysfunctional energy metabolism (Figures 3H, 3l, and S2B-
S2D). These results demonstrate a transition from carbohydrate
to fatty acid consumption, which corresponded to increased
adiposity in F; and F3 male offspring and occurred without a
change in food intake and total activity.

These findings suggest that metabolic dysfunction in F; male
offspring as an effect of maternal obesity or prenatal androgen
exposure are transmitted across generations, whereas the trans-
generational effect in the combined obese and androgenized
lineage is less pronounced.

Reproductive and metabolic function in F, male offspring is
less affected. The phenomenon that phenotypic changes skip
one (or even two) generations has previously been observed in
the female and male germline by us and others.#%°

sncRNAs in sperm accompany transgenerational
transmission of phenotypic traits

To dissect the molecular basis of transmission of PCOS-related
dysfunction, sperm was collected from the cauda epididymis
and subjected to a swim-up assay to ensure that only motile
mature spermatozoa, i.e., the pure fraction of ~10 million sperm
was used for sncRNA-seq analysis of F4, F5, and F3 male
offspring (Figure 4A). First, we found that sperm from different
lineages in F4, Fo, and F3 male offspring show various sncRNA
biotypes: miRNA (22-24 nt), piRNA (20-34 nt), rsRNAs (15-44
nt), and tRNA-derived small RNAs (tsRNA; 27-36 nt) (Figure S3A).
To reveal the molecular basis of phenotypic variation, we further
analyzed DEsncRNAs in F4, F», and F3 offspring of the androgen-
ized, the obese, and the obese and androgen lineages
(Figure S3B).

First, we performed principal-component analysis (PCA) on
the sncRNA profiles for the three comparisons: (1) control (con-
trol diet [CD] + vehicle [Veh]) vs. androgenized lineages (CD + di-
hydrotestosterone [DHT]), (2) CD+Veh vs. obese lineages (high
fat, high sucrose [HFHS] + Veh), and (3) HFHS+Veh vs. obese
and androgenized lineages (HFHS+DHT), respectively. The
obese lineages, with or without androgen exposure, show a clear
separation of Fi—F3 sncRNA profiles from controls, with less
prominent separation in the androgenized lineage (Figure 4B).
Next, we defined transgenerational up-regulated and down-
regulated DEsncRNAs of F4, F,, and F3 male offspring sperm
and identified 8, 140, and 9 transgenerational DEsncRNAs in
the androgenized, obese, and combined obese and androgen-
ized lineages, respectively (Figure 4C; Data S4). Interestingly,
the obese lineage has the greatest number and diverse biotypes
of DEsncRNAs across the three generations, indicating that
maternal obesity resulted in more transgenerational effectors
compared with prenatal androgen exposure. This interpretation
agreed with phenotypic data that the obese lineage showed
clear aspects of transgenerational reproductive and metabolic
dysfunctions, whereas the androgenized lineage only shows
transgenerational metabolic dysfunctions. This may also explain
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Figure 3. Prenatal androgen and maternal obesity exposure causes transgenerational metabolic dysfunction in male offspring and repro-
ductive dysfunction in male cousins caused by androgen exposure

(A) Body composition presented as percentage of fat mass normalized to body weight (grams). CD+Veh (F1: n = 10, litters = 5; Fo: n = 13, litters = 4; F3: n = 13,
litters = 4); CD+DHT (F4: n=7, litters = 5; F»: n = 13, litters = 4; F3: n = 11, litters = 4); HFHS+Veh (F1: n =10, litters = 5; F»: n = 16, litters = 4; F3: n = 13, litters = 4); and
HFHS+DHT (F4: n = 7, litters = 4; Fo: n = 13, litters = 4; F3: n = 12, litters = 4).

(B) Epididymal adipocyte size measurements were made on six sections per mouse of F1—F3. CD+Veh (F4: n = 3 litters = 3; F»: n = 3, litters = 4; F3: n = 3, litters = 3);
CD+DHT (F4: n = 3litters = 3; Fo: n = 3, litters = 4; F3: n = 3, litters = 3); HFHS+Veh (F4: n = 3 litters = 3; Fo: n = 3, litters = 4; F3: n = 3, litters = 3); and HFHS+DHT (F:
n = 3 litters = 3; F,: n = 3, litters = 4; F3: n = 3, litters = 3).

(C) Representative images of epididymal adipocytes stained with hematoxylin and eosin. Scale bar: 200 um.

(D) Blood glucose levels at different time points during oral glucose tolerance test (OGTT).

(E) Glucose area under the curve (AUC) at 0 to 90 min in F1—F3 adult male offspring. CD+Veh (F1: n =9 litters = 5; Fo: n = 13, litters = 4; F3: n = 8, litters = 4); CD+DHT
(F1:n=10, litters = 5; F2: n =9, litters = 4; F3: n =10, litters = 4); HFHS+Veh (F4: n = 10, litters = 5; Fo: n = 16, litters = 4; F3: n = 13, litters = 4); and HFHS+DHT (Fy: n=
9, litters = 6; F,: n = 15, litters = 4; F3: n = 6, litters = 4).

(F) Liver triglyceride (TG) content in F1—F3 male offspring normalized to tissue weight (mg/g). CD+Veh (Fy: n =6 litters = 5; Fo: n =10, litters = 4; F3: n =10, litters = 4);
CD+DHT (F1: n =10, litters = 5; F: n =9, litters = 4; F3: n =9, litters = 4); HFHS+Veh (F1: n =10, litters = 5; F5: n = 10, litters = 4; F3: n = 8, litters = 4); and HFHS+DHT
(F1: n = 8, litters = 6; Fo: n = 10, litters = 4; F3: n = 9, litters = 4).

(G) Representative images of neutral lipid accumulation in the liver visualized by oil red O staining. Scale bar: 100 um.

(H and 1) Respiratory exchange ratio (RER; VCO,/VO,) (H) and energy expenditure (EE) (I) was measured by indirect calorimetry by using the TSE system in F1—-F3
adult male offspring. CD+Veh (F4: n = 8 litters = 4; Fo: n = 4, litters = 4; F3: n = 4, litters = 4); CD+DHT (F4: n = 8, litters = 4; F»: n = 4, litters = 4; F3: n = 4, litters = 4);
HFHS+Veh (Fy: n = 8, litters = 4; Fy: n = 4, litters = 4; F3: n = 4, litters = 4); and HFHS+DHT (F¢: n = 8, litters = 5; F: n = 4, litters = 4; F3: n = 4, litters = 4).
Lineage: CD+Veh, maternal control diet + vehicle exposure; CD+DHT, maternal control diet + dihydrotestosterone exposure; HFHS+Veh, maternal high-fat, high-
sucrose diet + vehicle exposure. Comparison between the groups were performed using linear mixed-effects models and non-repeated measures (ANODE,
R package car) except for (D), where linear mixed-effects models with repeated measure was used. #, CD+Veh vs. HFHS+Veh; o, HFHS+Veh vs. HFHS+DHT.
Each dot represents one offspring mouse. All data are presented as mean + SEM.

why there is a belated transgenerational effect in the combined
obese and androgenized lineage.

Next, we investigated where the transgenerational
DEsncRNAs are derived from.®" Distinct from prepachytene piR-
NAs mainly silencing retrotransposons to protect the integrity of
the genome,®*>® pachytene piRNAs are dominantly transcribed

from genic and intergenic regions and instruct mRNA degrada-
tion during late spermrmatogenesis®® Accordingly, the majority
of identified transgenerational DEpiRNAs are presented
within intergenic and genic regions in the obese lineage (Fig-
ure 5A). However, only two transgenerational DEpiRNA in the
androgenized (in the genic and intergenic region) and one
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transgenerational DEpiRNA in the combined obese and andro-
genized lineages (in the repeat region) were annotated, respec-
tively. rsRNAs were classified according to their origins as
mitochondrial 12S and 16S rRNAs; ribosomal 18S, 28S, 45S,
4.5S, and 5.8S rRNAs; and nuclear 5S rRNAs. The transgenera-
tional rsRNAs in the obese lineage derives mainly from 28S, 18S,
and 45S rRNA (Figure 5B). In the obese and androgenized line-
age, only one transgenerational DErsRNA was derived from
28S rRNA, with no DErsRNAs in the androgenized lineage.
tsRNAs were systematically annotated from tRNAs according
to their coupled amino acids from genome and mitochondria.
The majority of the transgenerational DEtsRNAs in the obese
lineage are derived from Glu and Gly tRNA, followed by Val,
Gin, and mitochondrial tRNAs (Figure 5C). One tRNA can give
rise to various tsRNAs, whose origins are mainly categorized
into 5'-tRNA, 3'-tRNA, internal-tRNA, and 3'CCA-tRNA. Trans-
generational tsRNAs in the obese lineage were mainly derived
from 5'-tRNA and internal tRNA, with a small proportion derived
from 3’-tRNA with or without CCA end (Figure 5C).

A family of X-linked miRNAs predominantly express in
mammalian sperms and were named spermatogenesis-related
miRNAs (spermiRs).°® We next investigated whether the sper-
miRs were transgenerationally dysregulated (Data S5). In the
androgenized and the obese lineages, respectively, five
X-linked spermiRs (mmu-miR-465a-5p, mmu-miR-743b-3p,
mmu-miR-470-5p, mmu-miR-871-3p, mmu-miR-741-3p) were
up-regulated in F, male offspring, and four of these miRNAs
(except mmu-miR-470-5p) were DE in the obese lineage in
F3 generation.”®

Thereafter we annotated the function of transgenerational
DEmIRNA target genes in each lineage and each generation
using pathway enrichment analyses (Data S6A). When overlap-
ping enriched biological pathways across the three genera-
tions, we found different pathways enriched in each respective
lineage. In the androgenized lineage, enriched biological pro-
cesses are implicated in morphogenesis of epithelium (e.g.,
Edn1, Ajuba, Cited2, Nrp1, Frs2 [mmu-miR-1a-3p]), and in
the combined obese and androgenized lineage, the three
pathways enriched are related to protein phosphorylation
(e.g., Epha7 [mmu-miR-130b-5p], Ptk2b, Rock2, Itch [mmu-
miR-6240]) (Figure 5D; Data S6B). In the obese lineage, the
biological processes are mainly enriched in utero embryonic
development (e.g., Socs3, Sox6, Zbtb18 (mmu-miR-19a-3p),
Fofr1, Hifla [mmu-miR-6240]); vasculature development (e.g.,
Bmpr2 [mmu-miR-467d-3p], Egr3 [mmu-miR-23b-3p], Lrp2
[mmu-miR-142a-5p, mmu-miR-148a-3p, mmu-miR-152-3p,
mmu-miR-199a-3p, and mmu-miR-199b-3p], Adipor2 [mmu-

miR-19a-3p, mmu-miR-19b-3p, and mmu-miR-218-5p],
Slc4a7, Esr1 [miR-19a-3p and mmu-miR-148b-3p], Tsc1
[mMmu-miR-130a-3p, miR-19a-3p, and miR-19b-3p]); and
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neuron-related pathways (e.g., DIx1 [mmu-miR-19a-3p and
mmu-miR-19b-3p], /d2 [mmu-miR-19a-3p], Myo5b [mmu-
miR-6240], Atxn1 [mmu-miR-101a-3p, mmu-miR-125a-5p,
and mmu-miR-141-3p]) (Figure 5E; Data S6B). Collectively,
these data show that DEsncRNAs carried by sperm are corre-
lated with the transgenerational transmission of metabolic and
reproductive phenotype in male offspring.

Comparison between DEsncRNAs blood of PCOS-sons
and mouse sperm
Next, we aligned the DEsncRNAs identified in sons of women
with and without PCOS and each mouse lineage (Figure 6A)
and selected those with >90% sequence homology to investi-
gate if the human DEsncRNAs overlap with the identified trans-
generational DEsncRNAs in mice. Overall, the obese lineage
transgenerational DEsncRNAs has the greatest number of over-
laps with DEsncRNAs from sons of women with PCOS (Fig-
ure 6B; Data S7). The transgenerational DEtsRNA in the andro-
genized and the obese lineages, respectively, overlap with the
human DEtsRNA specifically derived from the 5’ end of tRNA-
Val-CAC (Figure 6C; Data S7). Finally, we also identified several
shared biological processes of DEmiRNA target genes in serum
of PCOS-sons and sperm of male F1 offspring in the different lin-
eages such as male gonad development, primary male sexual
characteristic development, embryo organ development in the
androgenized lineage, etc. (Figure 6D; Data S8). Common bio-
logical processes of DEmIRNA target genes in serum of
PCOS-sons and sperm of male F1 offspring in the different line-
ages are vasculature development, male gonad development,
primary male sexual characteristics development, and embryo
organ development in the androgenized lineage; in utero embry-
onic development, neuron development, cell differentiation, and
cell catabolic process in the obese linage; and protein phosphor-
ylation, nervous system development, cell activity, and vascula-
ture development pathways in the combined linage.

Taken together, these common DEsncRNAs found in PCOS-
sons and offspring of androgenized and obese lineages suggest
their roles in regulating PCOS-like phenotypic traits.

DISCUSSION

As to other complex diseases such as type 2 diabetes,*®°”
PCOS is a highly heritable disorder.*® In addition to genetic fac-
tors, growing evidence from clinical and preclinical studies sug-
gests that epigenetic regulation triggered by an adverse
maternal-fetal environment could result in phenotypic transmis-
sion similar to conventional genetic effects as demonstrated by
us and others.®'® More intriguingly, a recent study showed
that men who carry high polygenic risk scores for PCOS develop
an increased risk of obesity, type 2 diabetes, and cardiovascular

Figure 4. The transgenerational inheritance pattern of sncRNA in sperm of androgenized, obese, and obese and androgenized lineages

(A) lllustration showing the collection of sperm for sncRNA sequencing.

(B) The principal-component analysis (PCA) showing different lineages in F4, F», and F3 male offspring.

(C) Transgenerational expression patterns of F4, F», and F3 sperm differentially expressed miRNA, piRNA, rsRNA, and tsRNA.

The heatmaps show the log, fold change (FC) of overlapped differentially expressed sncRNAs in F4, F, and F3. CD+Veh (F1: n =4, litters = 4; Fo: n =4, litters = 4;
F3: n =4, litters = 4); CD+DHT (Fy: n =3, litters = 3; Fo: n =4, litters = 4; F3: n = 3, litters = 3); HFHS+Veh (F1: n =4, litters = 4; Fo: n = 4, litters = 4; F3: n =4, litters = 4);

and HFHS+DHT (F4: n = 4, litters = 4; F,: n = 4, litters = 4; F3: n = 4, litters = 4).
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Figure 5. Transgenerational differential expression of sperm piRNA, rsRNAs and tsRNAs

(A-C) Proportion of transgenerational (in sperm of F4, F,, and F3) biogenesis of

(A) piRNA, (B) rsRNA, and (C) tsRNA in obese lineage.

(D) The overlapped GO enrichment for DEmiRNA target genes in F1—F3 transgenerational androgenized and obese and androgenized lineages.

(E) The overlapped GO enrichment for DEmiRNA target genes in F1—F3 transgenerational obese lineage.

Representative pathways with log+o (p value) >2 are presented. Size of the bubble represents the number of genes enriched in the pathway, and the gray color
means the number of genes is larger than 200. Color represents -log+o (p value). CD+Veh (F1: n =4, litters = 4; Fo: n =4, litters = 4; F3: n = 4, litters = 4); CD+DHT (F4:
n =3, litters = 3; Fo: n =4, litters = 4; F3: n = 3, litters = 3); HFHS+Veh (F1: n = 4, litters = 4; Fo: n =4, litters = 4; F3: n = 4, litters = 4); and HFHS+DHT (F4: n = 4, litters =

4; Fyo: n =4, litters = 4; F3: n = 4, litters = 4).

disease, as well as male-pattern baldness, indicating that
PCOS-sons could also be adversely affected.’’

To identify common features in PCOS-sons, we here explored
alarge Swedish register-based cohort study and a Chilean case-
control study and found that PCOS-sons are more likely to be
diagnosed with obesity and display an altered lipid profile with
high circulating total cholesterol and LDL cholesterol. In the Chil-
ean cohort, we did observe significantly increased body weight
and lipid profile alterations likely reflecting insulin resistance
that is translated into obesity during adult life as we have previ-
ously reported.® These findings demonstrate that sons of obese
women are more metabolically affected and highlight the impor-
tance of weight counseling and preferably weight reduction prior
to pregnancy, especially in women with PCOS. Testicular vol-
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umes were comparable due to the initial study design for recruit-
ing the pubertal group; nevertheless, previous work by our group
showed that testicular volumes are lower at adulthood in PCOS-
sons.” Moreover, our serum sncRNA analyses of sons from
women with and without PCOS in the longitudinal Chilean clinical
cohort study allowed us, for the first time, to identify potential
miRNAs that underlie phenotypic transmission in humans by per-
forming comparisons with published miRNA profiles from women
with or without PCOS.*8:°9-56 Several overlapped miRNAs are en-
riched in pathways that could contribute to the metabolic and
reproductive phenotypic features observed in PCOS-sons
including insulin resistance (hsa-miR-122-5p, hsa-miR-4678),
sex differentiation (hsa-miR-199a-5p, hsa-miR-532-3p, hsa-
miR-548ar-3p), and response to hormones (hsa-miR-122-5p,
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Figure 6. sncRNA analysis in whole blood of sons from mothers with PCOS and comparison with sperm of mice

(A) Schematic illustration of workflow showing how we identify human and mouse homologous DEsncRNA.

(B) Number and biotype of homologous pairs of human and mouse transgenerational DEsncRNAs in each lineage.

(C) Cloverleaf structure of tRNA-Val-CAC showing the region (blue) where the human and mouse common DEtsRNAs (as in B) are derived, with arrows pointing to
the cutting sites.

(D) GO enrichment for target genes of overlapped DEsncRNAs between mouse sperm (F1) and human blood.

(legend continued on next page)
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hsa-miR-199a-5p, hsa-miR-199b-3p, hsa-miR-4685-3p). In
addition, miRNAs observed in serum of PCOS-sons appear to
regulate six PCOS-risk genes identified in GWASs. The AOPEP
that encodes zinc-dependent metallopeptidase catalyzing the
removal of an amino acid from a protein®>>® is also linked to
type 2 diabetes,®” testosterone levels,® and endometrial can-
cer®®; TOX3 encodes a nuclear protein of the high-mobility group
(HMG) box family and is associated with insulin resistance and
metabolic syndrome in women with PCOS®%*°; ERBB4 is a mem-
ber of epidermal growth factor receptors (EGFRs) and is a risk lo-
cus for PCOS, BMI and visceral adipose tissue, type 2 diabetes,
and epithelial ovarian cancer, as well as sperm
motility®'-32:34:3%:95: the SNP rs1159315 is located near y-amino-
butyric acid A receptor 1 (GABRB1) and linked to PCOS,
obesity-related traits, and depression;*® ADGRB3 is linked to
BMI, triglyceride, adiponectin, and follicle-stimulating hormone
levels in PCOS;** MYRIP is related to insulin levels and
PCOS®%; and ADGRB3 is linked to BMI, triglyceride, adiponectin,
and follicle-stimulating hormone levels in PCOS.**

These findings implicate that PCOS-sons may carry circu-
lating factors that underlie PCOS susceptibility for the develop-
ment of phenotype. Together with our recent findings that
daughters of women with PCOS are five times more likely to
be diagnosed with PCOS® and that prenatal androgen-exposed
F; male offspring develop an aberrant reproductive and meta-
bolic phenotype,'®2° our current findings strengthen the hypoth-
esis that maternal PCOS could induce fetal programming, pre-
disposing not only daughters but also their sons to adult
disease due to adverse maternal-fetal environment.

Recently, we and others showed that PCOS-like traits induced
by maternal androgen or AMH exposure in mice can be passed
down to the third generation in female offspring,®'® but it remains
unexplored whether such traits in F; male offspring could be
transmitted across generations in their male progeny. In agree-
ment with the clinical findings, our mouse models confirmed
that maternal obesity or prenatal androgen exposure affects their
F; male offspring, resulting in reproductive dysfunctions with
increased anogenital distance, decreased testis weight, and
aberrant mitochondrial morphology. Moreover, metabolic dys-
functions in F; male offspring are presented by increased fat
mass and epididymal adipocytes and altered energy metabolism
in both obesity and androgenized lineages, except for impaired
glucose homeostasis, which is only in the obese lineage. Of
note, the indirect calorimetry results showed lower metabolic ac-
tivity (RER and EE) both in light and dark phases in the F4 and F5
males in the androgenized, obese, and obese-androgenized lin-
eages, respectively. Importantly, the decrease in RER and EE is
independent of food intake and total activity, suggesting that it
is caused by increased body weight and fat mass. Thus, the lower
metabolic activities (RER and EE) are likely consequences of in
utero programming, either by androgen- and/or diet-induced
obesity, resulting in inheritable metabolic pattern alterations
such as different preferences of energy substrate.
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The F1 male offspring of the prenatal androgenized lineage did
not present with any differences in circulating testosterone or
sperm count, which agrees with a recent study by Holland
et al.®® However, their study contrasts our finding of decreased
testis weight as they found no such effect. But they did not mea-
sure anogenital distance or testis mitochondrial morphology or
perform any molecular analyses of the sperm. Instead, they
found unchanged luteinizing hormone (LH) secretion and density
of gonadotropin-releasing hormone-expressing (GnRH) neu-
rons, which strengthens our hypothesis that the transgenera-
tional effects we observed in the androgenized lineage are likely
mediated through the germline. More importantly, metabolic
phenotypes were passed down to F3 male offspring in both the
androgenized and the obese lineage, while reproductive pheno-
type transmission occurred only in the obese lineage, which sug-
gests germline reprogramming is likely more maintained in the
obese lineage compared with the androgenized lineage. We
speculate that male offspring (male germline) are more tolerant
to maternal androgen exposure but more sensitive to maternal
obesity exposure. Intriguingly, the combined effects of maternal
obesity and prenatal androgenization have belated effects often
presented only in F3 male offspring. In contrast, there are no F3
females surviving in the obese and androgenized lineage for
analysis in our previous study,® which additionally indicates
that the maternal uterine environment may have sex-dimorphic
effects on offspring health. Future studies are warranted to iden-
tify the mechanism underlying sex dimorphism as well as distinct
roles of the uterine environment versus germ cells in the transge-
nerational inheritance of disease.

Several studies demonstrated that the sperm small RNAs can
also act as an epigenetic vehicle in transmitting phenotypes to
the offspring. Mammalian sperm contain a complex repertoire
of different types of sncRNAs in addition to haploid DNA.”%""
These sncRNAs, including miRNAs, piRNAs, rsRNAs, and
tsRNAs, regulate early embryonic development upon fertilization
and act as a causal factor of intergenerational transmission of
ancestral exposure phenotypes via germlines.”' Maternal and
paternal endocrine disruptors and nutrient disturbance result in
inter/transgenerational epigenetic inheritance mediated by
sperm sncRNAs.”” The small RNA profiling of sperms in male
offspring in the androgenized, obese, and combined lineages
showed abundant transgenerational DEsncRNAs. Although we
did not investigate the causal effects of DEsncRNAs, the majority
of the 28S RNA-derived rsRNAs and Gilu, Gly, and Val tRNA-
derived tsRNAs have previously been reported to be involved
in intergenerational and transgenerational transmission of dis-
ease such as stress response.’>”’# Moreover, epigenetic infor-
mation can be delivered from somatic tissues to gametes via
sncRNAs, providing a route for external stimuli depositing
changes in the germline epigenomes.”*"” Here, we identified
common DEsncRNAs in serum of PCOS-sons and mouse
sperms across generations, including the tsRNA-Val-CAC 5’
species, which previously has been reported to be absorbed

Representative pathways with logqo (p value) >2 are presented. Size of the bubble represents the number of genes enriched in the pathway. Orange color
represents up-regulated expression of DEsncRNA in human and mouse, while light yellow color represents down-regulation. CD+Veh (F1: n=4, litters=4; Fo:n =
4, litters = 4; F3: n = 4, litters = 4); CD+DHT (F4: n = 3, litters = 3; Fo: n = 4, litters = 4; F3: n = 3, litters = 3); HFHS+Veh (F1: n =4, litters = 4; Fo: n =4, litters = 4; F3: n =4,
litters = 4); and HFHS+DHT (Fq: n = 4, litters = 4; F»: n = 4, litters = 4; F3: n = 4, litters = 4).
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from the epididymosomes into the sperm, highlighting a poten-
tial bridge between the somatic cells and the germ cells.”>"”
Such interplay could also explain the intriguing inconsistent
phenotypic features in the F, male offspring. Despite a weak
reproductive and metabolic phenotype in F,, they have alter-
ations in sperm sncRNA profiles contributing to the transmission
of aberrant phenotypes into subsequent generations. We did
also observe DE X-linked spermiRs in androgenized and obese
lineage across generations. Moreover, we identified several
common biological processes between DEmiRNA predicted
target genes in PCOS-sons and sperm of F; male offspring in
respective lineage. Several of the predicted target genes have
previously been shown to be of biological relevance in women
with PCOS. For example, in PCOS-sons, EDN1, the target
gene of hsa-miR-4685-3p, has been shown to be dysregulated
in granulosa cells of women with PCOS; CDK®, the target gene
of hsa-miR-1299, is a cell cycle marker likely to be involved in
the development of PCOS; FRS2, a target gene of hsa-miR-
96-5p, has been reported to be upregulated in obese women
with PCOS and involved in insulin signaling; and ETS1, a target
gene of hsa-miR-1299, is involved in androgen-mediated DNA
methylation in granulosa cells in PCOS. All these genes in F;
sperm are targets of mmu-miR-1a-3p.

Taken together, our comprehensive analyses have defined
long-term adverse effects of obesity and prenatal androgen
excess during pregnancy leading to transgenerational transmis-
sion of metabolic and reproductive traits in male progeny and
epigenetic modifications in the sperm accompanying the pheno-
type transmission across generations. Importantly, several
molecular signatures are detectible in serum from PCOS-sons,
supporting the possibility of epigenetic inheritance in humans.
These findings strengthen the translational significance identi-
fied in mouse models and shed light on a previously underappre-
ciated risk of reproductive and metabolic alterations across
generations via the male germline.

Limitations of the study

The overall percentage of women having PCOS in the Swedish
Medical Birth Register and National Patient register is low
because many women with PCOS are undiagnosed. This has
gradually changed over the last 10 years, but the percentage is
still much lower than in other countries and cannot be used as
an estimate of prevalence. In this study, 2.1% of the mothers
have PCOS, which is lower than the expected 10%-18% in the
general population of reproductive age.®”"®’® We have no
explanation why F, in most of the measured variables seems
to be unaffected whereas the phenotype occurs again in Fa.
That phenotypic changes skip one (or even two) generation
has previously been observed in the female and male germline
by us and others.®*°*° Recently it was shown that F males of
a depression-like model can transmit the depressive traits to
the F4 but not the F, generation, which may result from the
lack of miRNA changes in the depression lineage of F4 sperm un-
der baseline condition.®° This phenomenon can be referred to as
adaptive effects by the initial exposed germline in Fo.2" Impor-
tantly, sncRNA alteration is in agreement with overall pheno-
types, with the greatest number of DEsncRNAs found in the
obese lineage. The variation in the F4, F5, and F5 control groups,
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where the F, controls often differ from F4 and F3; male offspring,
could explain the non-significant effects in Fa.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Human Serum Human Crisosto et al., 2017”7
Mouse Serum Mouse This paper
Mouse Sperm Mouse This paper
Chemicals, peptides, and recombinant proteins

Benzyl benzoate Sigma-Aldrich Cat#B6630
Sesame oil Sigma-Aldrich Cat#S3547
DHT (5a androstane-173-ol-3-one) Sigma-Aldrich Cat#A8380
NP-40 alternative Merck KGaA Cat#492016
TRI reagent Sigma-Aldrich Cat# T9424
Critical commercial assays

Serum insulin (ELISA kit) Crystal Chem Cat# 90080
Triglyceride kit Randox Cat#TR210
High-Capacity RNA-to-cDNA kit Applied Biosystems Cat#4387406
NEB Next Multiplex Small RNA NEB Cat#E7300
Library Prep Set for lllumina

DNA Clean & Concentrator-5 Kit Zymo Research Cat# D4003
PipPin Prep Sage Science Cat#CDP 3010
Polyacrylamide Gel Life Technologies Cat#EC6265BOX

Deposited data

Raw sequencing reads of sncRNA-
seq data of mouse sperm

Raw sequencing reads of sncRNA-
seq data of human serum

Raw data of F1-F3

This paper

This paper

This paper

Sequence Read Archive database via
accession number PRINA743232

Raw sequencing reads of sncRNA-seq
data of human serum are available in The
European Genome-Phenome Archive (EGA)
via accession number EGAS00001007079

Mendeley Data: https://doi.org/10.17632/
4vhx9dk4st1.

Experimental models: Organisms/strains

C57BI/6J mice

Janvier Labs

RRID: IMSR_JAX:000664

Oligonucleotides

Tfam F: ATTCCGAAGTGTTTTTCCAGCA;
R: TCTGAAAG TGCATCTGGGT

Drp1 F: CAGGAATTGTTACGGTTCCCTAA,
R: CCTGAATTAACTTGTCCCGTG

Opal F: TGGAAAATGGTTCGAGAGTCAG;
R: CATTCCGTCTCTAGGTTAAAGCG

Guf1 F: GCTTTCTGATTGCTGGGATGA;
R: TGCAAACACCATTGGTTTCGC

This paper

This paper

This paper

This paper

N/A

N/A

N/A

N/A

Software and algorithms

ANODE
Stata statistical software version 14.0
GraphPad Prism 8

R package car
Stata Corps
GraphPad Software

RRID: SCR_022137
RRID: SCR_012763
RRID: SCR_002798

Other

UCSC genome GRCm38 for mouse
and GRCh38 for human.

miRbase 22.1, rRNA from NCBI/Nucleotide,
GtRNAdb, piRBase and piRNA bank, ensembl
(release-89) ncRNA, and rfam 12.3

N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Elisabet
Stener-Victorin (elisabet.stener-victorin@ki.se).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® Raw data of F1—F3 through Mendeley Data: https://doi.org/10.17632/4vhx9dk4st.1.

® Raw sequencing reads of sncRNA-seq data of mouse sperm from F4, F, and F3 males are available in Sequence Read Archive
database via accession number PRIJNA743232.

® Raw sequencing reads of sncRNA-seq data of human serum are available in The European Genome-Phenome Archive (EGA)
via accession number EGAS00001007079.

e® For the Swedish register-based cohort, original data are held by the Swedish National Board of Health and Welfare and Sta-
tistics Sweden, and because of Swedish data privacy laws we cannot make the data publicly available. Any researcher can
access the data by obtaining ethical approval from a regional ethical review board and thereafter asking the Swedish National
Board of Health and Welfare and Statistics Sweden for the original data. However, aggregated data used in the analysis of this
study are available from the authors upon reasonable request and with approved data sharing and data processing agreements
in line with the General Data Protection Regulation. Further use of these data must be authorized by the local ethics committee
regarding the merit of the project involved.

® Any additional information required is available from the elisabet.stener-victorin@ki.se upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethical approvals

All procedures contributing to this work comply with the ethical standards of the relevant national and institutional committees on
human experimentation and with the Helsinki Declaration of 1975, as revised in 2008. The register-based study was approved by
the regional ethical review board in Stockholm, Sweden (diary number 2017/2423-31). The requirement for informed consent was
waived because of the nature of this study, and the individuals included were not identifiable at any time. The case-control protocol
was approved by the institutional review board of the University of Chile (Approval of Research Project No.032-2015). All parents
signed informed consent, and boys gave their assent before any examination.

All animal experiments were approved by the Stockholm Ethical Committee for Animal Research (10798-2017) by the legal require-
ments of the European Community (SJVFS 2017:40) and the directive 2010/63/EU of the European Parliament on the protection of
animals used for scientific purposes. Animal care and procedures were performed following guidelines specified by the European
Council Directive and controlled by Comparative Medicine Biomedicum (KM-B), Karolinska Institutet, Stockholm, Sweden.

Register based study

The cohort used for this study gathers all births of children born in Sweden from 2006 up to 2016 and have been used to study the
effects of antenatal use of commonly prescribed drugs and their effects on the pregnancy outcomes in the offspring up to December
2017. By using the unique Swedish personal identity number from mothers registered in the medical birth register was used to link the
data with the: 1) the National Patient Registry (in- and specialist outpatient care), that contains visits to the specialist or hospitaliza-
tions since 1981, 2) the Causes of Death Registry and 3) the Drug Register that contains information about the dispensed medication
since 2005. The main outcome was obesity in sons born to mothers with PCOS (with or without use of metformin during pregnancy).
The two exposures evaluated were:1) maternal polycystic ovary syndrome, which was defined as having at least one diagnosis of
PCOS (ICD-10: E282) in the Medical Birth Register during the study period or in the National Patient Registry (ICD-10:E282,
ICD9:256E or ICD8:256,9) since 1981, and 2) use of metformin during pregnancy, that included those women with at least one
prescription of metformin (ATC codes: A10BA02) during pregnancy. Thus, the risk of obesity in sons of mothers with PCOS was eval-
uated in the combinations of these two exposures i) All PCOS; ii) PCOS(+)/Met(—), and iii) PCOS(+)/Met(+). PCOS(—)/Met(—) was
considered as reference. With this information, a total of 467,275 sons older than 2 years of age, born in Sweden between July
2006 and December 2015 and followed up to December 2017 were included. From them, 9,828 were born to a mother with
diagnosed with PCOS. Of these, 165 mothers diagnosed with PCOS had at least one prescription of metformin discharged from
pharmacy. Obesity diagnosis, identified in the National Patient Registry with the ICD-10 code E.66, was registered in 147 sons
born to mother with PCOS (with or without use of metformin during pregnancy), and only 4 of them corresponded to mother with
both exposures (PCOS(+)/Met(+)).
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Human case-control study population

Seventy-eight 8 to 18-year-old pubertal sons born to PCOS mothers and 93 born to control women were included. This cohort
includes subjects from a previous study from our group’ and new subjects were recruited after that study. Boys were grouped as
Tanner |, Tanner lI-Ill and Tanner IV-V according to testicular volume. All boys were born from singleton pregnancies and were
not taking any medication at the time of study. The boys were characterized through clinical, hormonal and metabolic measurements
as previously described.” Mothers with PCOS were recruited from patients attending the Unit of Endocrinology and Reproductive
Medicine, University of Chile, Santiago, Chile. PCOS mothers were diagnosed according to the National Institutes of Health
Consensus Criteria and exhibited chronic oligomenorrhea or amenorrhea, hirsutism, and characteristic ovarian morphology of poly-
cystic ovaries in ultrasound. Control mothers had a history of regular 28- to 32-day menstrual cycles, absence of hirsutism and other
manifestations of hyperandrogenism and no history of infertility or pregnancy complications.

Animals

C57BI/6J mice (3-week-old) were obtained from Janvier Labs (Le Genest-Saint-Isle, France). We generated and phenotype Fo dams
in detail.® To generate prenatal androgen exposed offspring, the CD and HFHS groups were randomly subdivided and injected daily
subcutaneously (s.c.) in the inter-scapular area from E16.5 to E18.5 with 50 pL of a solution containing a mixture of 1) a mixture of 5 uL
benzyl benzoate (B6630; Sigma-Aldrich) and 45 pL sesame oil (S3547; Sigma-Aldrich, St. Louis, Missouri, USA) i.e. vehicle, or 2)
250 pg DHT (50 androstane-17-ol-3-one, A8380; Sigma-Aldrich, St. Louis, Missouri, USA) dissolved in a mixture of 5 uL benzyl ben-
zoate and 45 uL sesame oil i.e. PNA by DHT. See key resource table for reagents and resources. Thus, four experimental lineages
were studied, i.e., control diet+vehicle (control), control diet+ dihydrotestosterone (androgenized), high-fat, high-sucrose diet+ve-
hicle (obese), and high-fat, high-sucrose diet+DHT (obese and androgenized) lineages.

Mouse-breeding scheme and feeding paradigm to generate F, to F; offspring

F4, Fo, F3 (Figure 2A) male offspring from CD + Veh, CD + DHT, HFHS+Veh and HFHS+DHT groups were weaned onto chow diet.
A subset of F1 male offspring was mated with unrelated females fed chow diet to generate F, male, and a subset of F, male offspring
was mated with unrelated females fed chow diet to generate F3; male. The remaining F4, F> and Fzmale offspring from both maternal
and paternal lineages were subjected to phenotypic testing as described below. The exact number of litter and mice used for each
procedure are given in the figure legends. To accurately ensure the variability within each group, offspring in each generation were
randomly allocated for phenotypic testing or breeding.

METHOD DETAILS

Assessment of reproductive phenotype
Anogenital distance was measured in F4, F> and F3 male offspring at weaning time with vernier caliper. At 3-week to 15-week of age,
body weight development was recorded weekly.

Assessment of metabolic phenotype

Body composition as total fat and lean masses were assessed by magnetic resonance imaging (EchoMRI-100 system) (EchoMRI
LLC, Houston, TX) at 16 to 18-week of age. Metabolic cages (TSE PhenoMaster, TSE Systems GmbH, Thuringia, Germany)
measured food intake, gas exchange, and spontaneous locomotor activity for three consecutive days. In metabolic cages animals
were kept individually; the first day being considered an adaptation period (not analyzed) and 24-h readings were used for analysis
after the adaption period. Parameters included were EE: indirect gas calorimetry and adjusted for total body mass and RER: VCO,/
VO, as the calculated ratio between volumes of CO, produced and O, consumed and were recorded for each mouse at 3-min in-
tervals. Spontaneous locomotor activity was measured by recording interruptions of infrared light beams emitted along the x- and
y axis of each cage (expressed in counts). An oral glucose tolerance test (OGTT) assessed glucose metabolism following 6-h fasting
at 17 to 19-week of age. Oral gavage administered D-glucose (2 g/kg) and blood glucose was measured at 0 (before glucose admin-
istration) and 15, 30, 60, and 90-min (FreeStyle Precision, Abbott Diabetes Care Inc., UK). Blood was collected at 0 and 15-min for
insulin measurement by tail bleeding.

Biochemical assessment of serum insulin and sex steroids
Serum insulin by an ELISA kit (Crystal Chem, Elk Grove Village, IL, USA) and serum testosterone, DHT, and androstenedione were
measured by using GC-MS/MS assay®” in F4, F, and F; offspring.

Adipocyte size measurement

Epididymal adipose tissues were dissected and prepared as previously described for subcutaneous fat.”” Tissue was sectioned with
5um thickness, and 1 section was taken every 30 um, in total 6 sections were taken for each sample. Three animals were used in each
group. One to two representative images were taken per section with a light microscope at 20X magnification (Zeiss Axioplan,
Germany). The adipocyte size was quantified using CellProfiler. Identified cells with an area >4000 AU or >0.97 eccentricities
were removed. 20X representative images were taken with an inverted microscope (Olympus IX73, Olympus).

t83
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Liver triglycerides quantification

Liver triglycerides (TG) were extracted and measured as described below: briefly, 100 mg of the liver was homogenized in the Tissue
Lyzer (Qiagen, Hilden, Germany) for 3 min in 5% NP-40 alternative (492016; Merck KGaA, Darmstadt, Germany) with distilled water.
Then the lysate was heated at 95 °C for 5 min in a heating block, until the samples became cloudy, then cooled down at room tem-
perature. The previous step was repeated and centrifuged at 13,000 g x 2 min. The supernatant was removed, diluted 10 times, and
analyzed using the TG kit Randox (TR210, Crumlin, United Kingdom) according to instructions from the manufacturer.

Testis AMH quantification

Testes AMH were extracted and measured as described below: briefly, 100 mg of the testis was homogenized in the Tissue Lyzer
(Qiagen, Hilden, Germany) for 2 min in with 1X PBS. Then the lysate was stored at —80°C overnight. Then performed two freeze-thaw
cycles to break the cell membranes. The lysate was centrifuged at 5000 g for 5 min. The supernatant was removed, and analyzed
using the AMH ELISA kit (# OKEH00320, Aviva systems biology, San Diego, CA, USA) according to instructions from the
manufacturer.

Liver oil red O staining

For oil red O staining, the liver was collected from F4, F»> and F3 male offspring and immediately after collection flash-frozen the liver in
liquid N». Then, a piece of liver was embedded in OCT (Sakura Finetek USA, Inc., Torrance, CA, USA)) on the mold and dropped into
dry-ice chilled 2-Methylbutane (277258, Merck KGaA, Darmstadt, Germany). Optimal cutting temperature (OCT)-embedded tissues
were sectioned into 10pm-thick sections and stained as describe.®

RNA isolation from testis and mRNA expression of mitochondrial genes

Total RNA was extracted by using TRI reagent (T9424, Sigma) from mouse testis. Reverse transcription was performed by using a
High-Capacity RNA-to-cDNA kit (4387406, Applied Biosystems, Carlsbad, California, USA). Quantitative real-time PCR for gene
analysis was performed in a ViiA 7 Real-Time PCR system thermal cycler with SYBR Green PCR Master Mix (both Applied Bio-
systems). The primer sequences (see key resource table) are Tfam F: ATTCCGAAGTGTTTTTCCAGCA; R: TCTGAAAGT
TTTGCATCTGGGT; Drp1 F: CAGGAATTGTTACGGTTCCCTAA; R: CCTGAATTAACTTGTCCCGTG; Opat F: TGGAAAATGGTTCGA
GAGTCAG; R: CATTCCGTCTCTAGGTTAAAGCG; Guf1 F: GCTTTCTGATTGCTGGGATGA; R: TGCAAACACCATTGGTTTCGC. The
relative gene expression was calculated using the comparative critical threshold (Ct) method. Gapdh was selected as the endoge-
nous control and mRNA is presented as fold change.

Collection of organs and isolation of motile spermatozoa

At finalization, mice have fasted for 2 h before blood, spermatozoa, and tissue collection. Briefly, mice were anesthetized with iso-
flurane, and blood was collected through the axillar vein. The subcutaneous, epididymal adipose tissues and liver were quickly
dissected on ice, snap-frozen, and stored at —80°C.

The cauda epididymis was dissected from the anesthetized animal and punctured in a Petri dish containing sperm isolation buffer
(Earle’s Balanced Salt Solution, 256 mM HEPES, 48.5 mM bovine serum albumin) pre-warmed to 37°C. Samples were transferred to a
14 mL round bottom tube overlaid with isolation buffer and subjected to a swim-up assay. Samples were incubated at 37°C at a
45-degree angle and the supernatant was harvested after 2 h.

Transmission electron microscopy (TEM) for mitochondrial morphology

Testis piece from F4, F> and F3 male offspring were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 at room temper-
ature for 30 min. Tissues were rinsed in 0.1 M phosphate buffer before post-fixation using 2% osmium tetroxide in 0.1 M phosphate
buffer, pH 7.4 at 4°C for 2 h. The tissues were subsequently dehydrated in ethanol followed by acetone and finally embedded in LX-
112. Ultrathin sections were prepared using a Leica EM UC7 (Leica Microsystems) and contrasted with uranyl acetate followed by
Reynolds lead citrate. The sections were examined in a Hitachi HT 7700 Electron microscope (Hitachi High-Technologies) at 80kV
and images acquired using a 2k x 2k Veleta CCD camera (Olympus Soft Imaging Solutions GmbH).

Small non-coding RNA library preparation

The total RNA was extracted from sperm in mice and from human serum (n = 9 sons of PCOS mothers and n = 9 sons of control
mothers) by using the Trizol method. The quality and quantity of RNA were determined by Nanodrop-1000. 400 ng total RNAs are
used for small RNA library construction by using NEBNext Multiplex Small RNA Library Prep Set for lllumina (NEB, E7300, USA).
The PCR amplification products were purified by DNA Clean & Concentrator-5 Kit (Zymo Research, D4003) followed by size selection
using PipPin Prep (Sage Science, CDP 3010) for F4 and F3 samples. For the samples of F, and human serum, size selection was
performed using 6% polyacrylamide Gel (Life Technologies, EC6265BOX) with the instruction in NEB protocol. The quality of the
library is checked by Bioanalyzer 2100 (Agilent Technologies, Inc.). The high-throughput sequencing is completed by lllumina HiSeq
2500 sequencer and 12 million reads of raw data are obtained.
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sncRNA-seq data processing

Cutadapt version 1.9.1%° was used to trim any remains of adaptor sequence (AGATCGGAAGAGCACACGTCTGAACTCCAGTCA)
from sequenced reads. Only trimmed reads between 15 and 45 nucleotides, containing adaptor sequence, and with 80% of the nu-
cleotides showing lllumina quality scores (Q-scores) >20 was retained. Average depth was 30.05 + 1.14M reads per sample (min =
17.23M) in which at least 81.54% passed our initial filters. Next, trimmed reads were mapped to small RNA sequences using the
analytical workflow Sports 1.0.%° The databases used for biotype annotation include the UCSC genome GRCm38 for mouse and
GRCh38 for human, and the mouse and human fasta sequences from the following databases: miRbase 22.1, rRNA from NCBI/
Nucleutide, GtRNAdb, piRBase and piRNA bank, ensembl (release-89) ncRNA, and rfam 12.3. We sequentially mapped the reads
to miRNA, rRNA, tRNA, piRNA and other non-coding RNAs. For tsRNA annotation, the sports pipeline has pre-processed the
tRNA sequences via removal of predicted introns in the tRNA genes, addition of CCA sequence to the 3’ ends of the tRNAs, as
well as addition of a single base G to the 5 ends of histidine tRNAs. To balance the trade-off between information leakage due to
RNA base modification and accuracy of mapping, we first set the mismatch for sequence acceptance to be zero for all the subtypes.
Afterward, we took out the piRNA and no-annotation sequences that were not mapped to the genome. With one mismatch allowed,
these sequences were re-annotated as rsRNA or tsRNA if they were mapped to the rRNA or tRNA. According to the origin loci in the
parent tRNAs, the tsRNA were annotated as 5’ tsRNA, 3'tsRNA, 3’ tsRNA-CCA end, and internal tsRNA (i tsRNA). For rsRNA anno-
tation, to avoid repeated counting caused by rRNA sequence redundancy, the rsRNA were annotated based on the size of the rRNA
source in a small to large sequence in terms of the Svedberg unit. For example, a small RNA would be identified as 18s derived rsRNA
but not 45s RNA derived rsRNA if it was simultaneously mapped to 18s and 45s RNAs.

Differentially expressed gene analyses

We performed differential expression of small RNAs based on ID annotation for miRNA and clusters for other biotypes. For miRNA
sequences, we sum up the expressions based on the miRNA ID. For the other small RNA biotypes, we used UPARSE, a method for
generating clusters (OTUs) from next-generation sequencing reads of small RNAs with identical sequences,®” to assign the se-
quences into clusters and then sum up the expression based on the clusters. To decrease the noise, we first filtered out the genes
with LogMean RPM <1.%89 Next, we used standard edgeR“° workflow for DEG analyses, with a Log2 fold change >1 and p-value
<0.05 considered as candidate DEGs. For log2 fold change calculation and heatmap, expression values are normalized by library
depth into Reads Per Million Reads (RPM).

Identification of common DEmiRNAs in women with PCOS and in sons of PCOS women
We obtained the DEmiRNA in serum, whole blood, plasma, or serum exosomes between women with PCOS and controls from pub-
lished paper,®°?"%° and then identified the common ones with the DEmiRNAs in sons of PCOS women.

Human and mouse DEsncRNAs alignment

A large number of rsRNAs have been reported to target genes through Argonaute pathway,®’ in which the seeding sequence for
smallRNA-mRNA binding is primarily dependent on the seeding sequence starting from the 5’ end second base in the small RNA.
Since we focused on target gene prediction through Argonaute pathway, we identified homological alignment hits through blastn®
with the criteria that the query and subject DEsncRNAs have identical sequences starting from their second bases at the 5’ end and
ending close to the 3’ ends to cover larger than 90 percent of their total lengths.

Target gene prediction and gene ontology analyses
The target genes for miRNA are annotated in miRBase22.1, in which the predicted targets with scores larger than 90 are used. For the
piRNA target mRNAs, the information comes from piRBase.’® Gene Ontology enrichment is carried out by metascape.®”

QUANTIFICATION AND STATISTICAL ANALYSIS

In the register-based cohort study, association between maternal PCOS, with or without use of metformin during pregnancy, and
obesity in their sons was estimated as HRs and 95% Cls using a multivariable Cox proportional-hazard model. Childhood obesity
in sons were assessed in a main analysis including i) women with PCOS that did not use of metformin during pregnancy and in a
sub-analysis including ii) women with PCOS, who used metformin during pregnancy. All analysis was performed with PCOS-/
Met-as the reference. The covariates in the adjusted model were: maternal age at delivery stratified as <25, 25-29, 30-34 and
>35; maternal BMI stratified as <18.5, 18.5-24.9, 25-29.9 and > 30; parity (multiparous/, nulliparous), cigarette consumption at
enrollment (yes/no); assisted reproduction (yes/no); size for gestational age (adequate, small or large); preterm birth (yes/no); apgar
<07 at 5 min; cesarean section and diabetes (gestational diabetes, diabetes mellitus or use of metformin during pregnancy). Consid-
ering the potential dependence between the observations (many children from the same mother), robust standard errors was consid-
ered in the analysis. As obesity should not be diagnosed before the age of two,*” the follow-up was calculated from two years of age
until the first reported occurrence of the outcome, death, or end of study period (December 2017), whichever occurred first.
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Moreover, to define how maternal body weight modify the associations between maternal PCOS and childhood obesity we per-
formed a sub-analysis considering: i) women with a BMI <25 and ii) women with a BMI >25. The analysis was done if at least 5 cases
are identified with the outcome in the main or sub-analysis.

The sample size in the mice experiments was based on differences in anogenital distance in the control and androgenized lineage
in our previous studies.®°® Nine animals per group were required to detect a mean difference in anogenital distance of 40.6% with a
standard deviation (SD) of 0.1, a significance level of 0.05, and a power of 0.8. All data are presented as mean + s.e.m, SD or as
median and range. In the transgenerational experiments, to control for the dependency of pups coming from the same litter, in
each generation we performed multilevel model statistical analyses as previously described.®” In brief, we used linear mixed-effects
models (Imer, Ime4, R 4.1.1) with two different approaches. First, in non-repeated measure, comparisons were made between each
lineage (fixed effects) with litter ID as random factor, except for adipocyte size in which mouse ID was included as random factor. In
repeated measures i.e., body weight development, OGTT, metabolic cages, 2 fixed effects were included i.e., lineages and time/
weeks of measure with mouse ID and litter ID as random factor. Then statistical significance was calculated based on an analysis
of deviance (ANODE, R package car). Differences were considered statistically significant at p < 0.05. Statistical analyses in the reg-
ister-based study were performed using Stata statistical software version 14.0 (Stata Corps, Texas, USA), and in the case-control
study by GraphPad Prism 8 (GraphPad Software Inc., CA, USA) and mouse data using the R software 4.1.1.
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