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MicroRNA-7 regulates melanocortin circuits
involved in mammalian energy homeostasis
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MicroRNAs (miRNAs) modulate physiological responses by repressing the
expression of gene networks. We found that global deletion of microRNA-7

(miR-7), the most enriched miRNA in the hypothalamus, causes obesity in
mice. Targeted deletion of miR-7 in Single-minded homolog 1 (Siml) neurons,
a critical component of the hypothalamic melanocortin pathway, causes
hyperphagia, obesity and increased linear growth, mirroring Siml and
Melanocortin-4 receptor (MC4R) haplo-insufficiency in mice and humans. We
identified Snca (a-Synuclein) and /gsf8 (Immunoglobulin Superfamily Member
8) as miR-7 target genes that act in Siml neurons to regulate body weight and
endocrine axes. In humans, MIR-7-1 is located in the last intron of HNRNPK,
whose promoter drives the expression of both genes. Genetic variants at the
HNRNPK locus that reduce its expression are associated with increased height
and truncal fat mass. These findings demonstrate that miR-7 suppresses gene
networks involved in the hypothalamic melanocortin pathway to regulate
mammalian energy homeostasis.

Energy homeostasis is maintained by neurons in the hypothalamus
that modulate eating behaviour, pituitary hormone secretion, and
autonomic nervous system activation in response to changes in
nutrient availability"”>. Hypothalamic circuits involving leptin-
responsive neurons in the arcuate nucleus (ARC) that express Pro-
opiomelanocortin (POMC) and Agouti-related protein (AgRP) play a
pivotal role in energy homeostasis and the defence against starvation
in mice and humans®. These ARC neurons synapse onto Melanocortin-
4 receptor (MC4R)-expressing neurons in the paraventricular nucleus
of the hypothalamus (PVN). POMC-derived peptides are endogenous
agonists of MC4R, whose activation leads to reduced food intake and
increased energy expenditure in the fed state. In the fasted state, AGRP
(an endogenous MC4R antagonist) drives an increase in food intake*.

Single-minded homology 1 (SIM1) is a basic helix-loop-helix tran-
scription factor required for the migration and differentiation of PVN
neurons, which express MC4R and the neuropeptides oxytocin (OXT),
arginine vasopressin (AVP), corticotropin-releasing hormone (CRH),
thyrotropin-releasing hormone (TRH), and somatostatin’. These

neurons project to the posterior pituitary and the hypophyseal portal
system to regulate hormone secretion, and to the hindbrain and spinal
cord to regulate feeding and autonomic tone®’. Mice and humans with
MC4R and SIM1 haplo-insufficiency develop hyperphagia, obesity and
increased linear growth®™,

In humans, candidate gene and exome sequencing studies have
highlighted the prominent role of the leptin-melanocortin pathway in
the regulation of energy homeostasis™>'. Moreover, weight loss drugs
targeting the melanocortin pathway have recently been licensed for
the management of severe obesity caused by genetic disorders
affecting this pathway”"°. However, a substantial proportion of the
heritability of obesity remains unexplained?. It is well-recognized that
a large portion of the noncoding genome is functional and harbours
genetic variants that may contribute to Mendelian disorders or influ-
ence complex traits”. Nonetheless, the interpretation of noncoding
genetic variants in humans presents challenges, including the identi-
fication of disease-relevant cell types and the dissection of underlying
mechanisms in the appropriate in vivo models.
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MicroRNAs (miRNAs) are small noncoding RNAs that repress gene
expression at the post-transcriptional level. Mammals express hun-
dreds of distinct miRNAs, each with hundreds of target transcripts™.
By regulating the expression of networks of genes, miRNAs modulate
the function of multiple cellular processes simultaneously. MiR-7 is
one of the most evolutionarily conserved miRNAs, with a mature
miRNA sequence that is conserved from invertebrates to humans?®,
MiR-7 is highly expressed in the brain, pituitary, and pancreatic f3-
cells** 2, We have previously shown that miR-7 regulates gonadotropin
and prolactin production in the pituitary”’?® and insulin secretion in
pancreatic B-cells”. In the brain, miR-7 promotes neuronal differ-
entiation and survival’®”., It is the most highly enriched miRNA in the
hypothalamus® and displays a distinct expression pattern in the ARC
and PVN®, suggesting that it may be involved in the control of body
weight by melanocortin circuits.

In this study, we carried out an in vivo genetic screen to system-
atically examine whether hypothalamic miR-7 regulates energy
homeostasis. Mice with a global knockout of all three members of the
miR-7 family (miR-7al, miR-7a2, and miR-7b) exhibited obesity on a
standard chow diet, which was exacerbated on a high-fat diet (HFD),
demonstrating that miR-7 is essential for the control of energy balance.
To identify the specific cell types mediating these effects, we deleted
the miR-7 family in neurons expressing the Leptin receptor (Lepr),
Pomc, Agrp and Siml. We found that SimI-cre:mir-7" mice exhibited
severe obesity due to increased food intake and decreased energy
expenditure, associated with increased linear growth and increased
insulin secretion. These phenotypes recapitulate SIM1 haploinsuffi-
ciency in mice and humans, and are likely explained by reduced
expression of MC4R. In addition, SimI-crezmir-7"" mice exhibited
reduced corticosterone levels and increased fluid intake due to
impaired CRH and AVP function. We further identified Snca (a-Synu-
clein) and /gsf8 (Immunoglobulin Superfamily Member 8) as miR-7
target genes whose overexpression in Siml neurons induces weight
gain and endocrine abnormalities. In humans, MIR7-1 is located in the
last intron of HNRNPK, whose promoter drives the expression of both
genes. By interrogating genome-wide association studies, we found
that variants at the HNRNPK locus that reduce its expression are
associated with increased height and truncal fat mass. Together, these
studies demonstrate that miR-7 suppresses gene networks involved in
the hypothalamic melanocortin pathway to regulate mammalian
energy homeostasis.

Results
Genetic disruption of mir-7 leads to severe obesity in mice
In mice and humans, the miR-7 family comprises three precursors
(miR-7al/7-1, miR-7a2/7-2, and miR-7b/7-3), which are encoded by dif-
ferent genomic loci but possess identical seed sequences with which
they regulate the same repertoire of targets* (Fig. 1a, b). We found that
the hypothalamus expresses miR-7al, miR-7a2, and miR-7b at
approximately equal levels (Fig. 1c). Specifically, miR-7 is highly enri-
ched in the ARC and PVN of the hypothalamus (Fig. 1d). Hypothalamic
miR-7 was regulated by the metabolic state, with reduced expression
during fasting (Fig. 1e) and increased expression in obese ob/ob mice
(Fig. 1f). In the brain, miR-7 is implicated in a unique regulatory non-
coding RNA network, in which the long noncoding RNA, Cyrano,
degrades miR-7 and prevents miR-7-mediated destabilisation of the
circular RNA, Cdrlas®. Cdrlas acts reciprocally by sponging miR-7
through its >70 binding sites, a process, which protects miR-7 from
degradation and is thought to regulate its transport within neurons.
We found that Cdrlas and Cyrano showed trends to be inversely cor-
related with miR-7 expression in the hypothalamus (Fig. le, f), con-
sistent with the previously described relationships in this regulatory
network.

To investigate the physiological role of miR-7, we generated mice
with loxP sites flanking the mir-7al, mir-7a2, and mir-7b alleles

(hereafter referred to as mir-7") and crossed these with mice har-
bouring a UBC-cre/ERT2 allele to introduce a global, tamoxifen-
inducible knockout of all three members of the miR-7 family (Sup-
plementary Fig. 1a). Both male and female UBC-cre/ERT2; mir-7* mice
exhibited obesity on chow diet (Fig. 1g, h) and high-fat diet (HFD)
(Fig. 1i, j), demonstrating that the miR-7 family plays an important role
in the regulation of body weight. We also measured random fed blood
glucose concentrations over time and performed intraperitoneal glu-
cose tolerance tests (ipGTT) and intraperitoneal insulin tolerance tests
(ipITT). Blood glucose levels were unchanged or slightly elevated in
chow-fed UBC-cre/ERTZ2;mir-7"/ mice, whereas these mice exhibited
improved glucose tolerance in association with increased insulin
secretion and normal insulin sensitivity (Supplementary Fig. 1b-h). In
HFD-fed UBC-cre/ERTZ:mir-7"#' mice, blood glucose levels were
unchanged in males (Supplementary Fig. 1i) and increased in females
(Fig. 1k). Glucose tolerance was unchanged or only slightly impaired
(Fig. 11, Supplementary Fig. 1j) in spite of severe insulin resistance
(Fig. 1m, Supplementary Fig. 1k), due to increased insulin secre-
tion (Fig. 1n).

Deletion of mir-7 in Siml neurons drives hyperphagia, weight
gain and increased insulin secretion
To identify the specific hypothalamic cell populations involved in the
miR-7-mediated control of energy homeostasis, we generated condi-
tional knockout mouse models by crossing mir-7! mice with mice
harbouring a Lepr-cre, Pomc-cre, Agrp-cre, or Siml-cre allele (Fig. 2a)
and performed a comprehensive metabolic phenotyping screen in
males and females fed a chow diet or HFD. The most prominent obe-
sity phenotype occurred upon the Siml neuron-specific loss of miR-7
(Fig. 2b-f). When fed a regular chow diet, body weight was increased in
SimI-cre;mir-7"" females, but not males (Fig. 2b, ¢). When challenged
with chronic HFD feeding, obesity was significantly exacerbated in
SimI-cre;mir-7"" mice of both sexes (Fig. 2d, e). We verified that the
Sim1I-cre transgene itself did not affect the body weight of HFD-fed
mice (Supplementary Fig. 2a, b). Comparison of the body weight
between male and female animals revealed that miR-7 in Sim1 neurons
is required to maintain the sexual dimorphism of body weight in mice.
In both chow- and HFD-fed mice, mir-7 females had a lower body
weight than mir-7 males, whereas Sim1-cre;mir-7"" females displayed
an increase in body weight that matched the body weight of male mice
(Fig. 2g, h). HFD-fed SimI-cre;mir-7"" females exhibited an increase in
fat mass and lean mass (Fig. 2i), as well as increased mass of adipose
tissue depots (Fig. 2j). In chow-fed SimI-cre;mir-7" females studied in
metabolic cages, food intake was unchanged (Supplementary Fig. 2c,
d) but energy expenditure was reduced (Supplementary Fig. 2e, f),
without any changes in respiratory exchange ratio (RER) or locomotor
activity (Supplementary Fig. 2g-j). In metabolic cage experiments
performed one week after the onset of HFD feeding, SimI-cre;mir-7"%
females exhibited increased food intake (Fig. 2k, 1) and RER (Supple-
mentary Fig. 2k, 1) compared to mir-7*" controls, while energy expen-
diture and locomotor activity were unaffected (Fig. 2m-p). No changes
in metabolic measurements were detected in males (Supplementary
Fig. 2m-t). The expression of Pgcla (Peroxisome proliferator-activated
receptor gamma co-activator-1) in interscapular brown adipose tissue
(iBAT) was significantly reduced and expression of UcpI (Uncoupling
protein 1) nominally reduced (p=0.06) in SimlI-cremir-7"" mice,
compared to mir-7%* control mice (Supplementary Fig. 2u). We also
detected upregulation of Adrb3 (encoding the -3 adrenergic recep-
tor), which has previously been observed as a compensatory response
to a blockade of sympathetic input”~®, These results suggest that
reduced sympathetic activation of iBAT contributes to the lower
energy expenditure in SimI-cre;mir-7" mice.

On chow diet, SimI-cre;mir-7"* females displayed no change in
random fed blood glucose levels compared to mir-7%* controls
(Fig. 2q). However, glucose tolerance was improved at 8-9 weeks of
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Fig. 1| Severe obesity in mice lacking miR-7. a miR-7 genomic loci and organi-
sation of the neuronal regulatory network comprising Cyrano, Cdrlas, and miR-7.
Primary miRNA transcripts are processed into precursor miRNA (pre-miR), and
then into mature miRNA (miR), which is loaded onto an AGO protein to interact
with miRNA binding sites. b miR-7 sequences in different species. The grey box
indicates the seed sequence. hsa, Homo sapiens; ptr, Pan troglodytes; mml, Macaca
mulatta; rno, Rattus norvegicus; mmu, Mus musculus; gga, Gallus gallus; cfa, Canis
familiaris; dre, Danio rerio; xtr, Xenopus tropicalis; ame, Apis mellifera; dme, Dro-
sophila melanogaster; cte, Capitella teleta. ¢ Contribution of each miR-7 precursor
to the absolute expression of miR-7 in the hypothalamus. Values indicate copies/pg
RNA. d miR-7 expression in hypothalamic nuclei, based on published data®>. AHA
anterior hypothalamic area, ARC arcuate nucleus, DMH dorsomedial hypothala-
mus, LH lateral hypothalamus, PeF perifornical nucleus, PVN paraventricular
nucleus, SCN suprachiasmatic nucleus, SON supraoptic nucleus, VMH

~+ UBC-cre/ERT2;miR-7""

ventromedial hypothalamus. Brain coordinates indicate distance from Bregma
(“B”) in mm. e-f Hypothalamic gene expression in fed and fasted (relative to fed)
(n=9 and 10 animals) (e) or ob/+ and ob/ob mice (relative to ob/+) (n = 6 animals) (f).
(g-j) Body weight of chow-fed male (n=8 and 10 animals) (g), chow-fed female
(n=12 and 8 animals) (h), HFD-fed male (n =12 and 8 animals) (i), and HFD-fed
female (n =10 animals) (j) mir-7*" and UBC-cre/ERT2;mir-7"" mice. k-n Random fed
blood glucose (n =10 animals) (k), blood glucose during an ipGTT (n =8 animals)
(1), blood glucose during anipITT (n = 10 animals) (m), and plasma insulin during an
ipGTT (n =7 animals) (n) in HFD-fed female mir-7" and UBC-cre/ERT2; mir-7"" mice.
Data are presented as mean + SD, where error bars are present. *P < 0.05; **P< 0.01;
***P < 0.001; ***P < 0.0001; no asterisk indicates P> 0.05; two-tailed ¢ test (e, f) or
2-way repeated measures ANOVA with Sidak’s multiple comparisons test

(g, h,i,j,1, m, n) or 2-way repeated measures ANOVA (k). Source data are provided
as a Source Data file.

age (Fig. 2r), prior to any changes in body weight (Fig. 2c). This
improvement in glucose clearance was not due to changes in insulin
sensitivity (Fig. 2s) but correlated with increased glucose-
stimulated insulin secretion (Fig. 2t). In HFD-fed SimI-cre; mir-7"%
females, random fed blood glucose levels were consistently

elevated compared to mir-7# controls (Fig. 2u). However, at
8-9 weeks of age, glucose tolerance was unchanged (Fig. 2v). This
maintenance of normal glucose tolerance, in spite of obesity
(Fig. 2e) and insulin resistance (Fig. 2w), was correlated with marked
hyperinsulinemia in SimI-cre;mir-7"# mice (Fig. 2x). Measurements
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of glucose homeostasis in male SimI-cre;mir-7"# mice revealed only
non-significant trends (Supplementary Fig. 2v-aa). To verify that
the hyperinsulinemic phenotype was not caused by aberrant Cre
recombinase activity and mir-7 deletion in B-cells®, we performed
immunofluorescence analysis of the LSL-tdTomato reporter allele in
the pancreas of Siml-cre;LSL-tdTomato mice and observed no
recombination (Supplementary Fig. 2ab). Furthermore, miR-7

expression was unchanged in the pancreatic islets of SimI-cre;mir-
7% mice versus mir-7# controls (Supplementary Fig. 2ac). Thus,
miR-7 acts cooperatively in pancreatic B-cells?” and Siml neurons to
regulate insulin secretion. Siml- and MC4R-expressing neurons
control insulin secretion by regulating autonomic tone***°, and
deficiency of Siml or MC4R results in hyperinsulinemia in mice and
humans**,
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Fig. 2 | Obesity, hyperphagia, and increased insulin secretion upon deletion of
mir-7 in Siml neurons. a Experimental strategy to assess the functions of miR-7 in
hypothalamic neuron populations. b-e Body weight of chow-fed male (n =15 and 13
animals) (b), chow-fed female (n = 8 and 11 animals) (c), HFD-fed male (n =10 and 19
animals) (d), and HFD-fed female (n=18 and 13 animals) (e) mir-7%" and SimI-
cre;mir-7"" mice. f Representative photograph of HFD-fed female mir-7"" and Sim1-
cre;mir-7"/ mice. g-h Male and female body weight in 20 week-old chow-fed (g) and
HFD-fed (h) mir-7* and Simi-cre;mir-7"/* mice, using data shown in Fig. 2b-e.
Dashed line indicates the body weight of mir-7" males. i—j Lean and fat mass (n=8
animals) (i) and adipose depot mass (n =4 animals) (j) of HFD-fed female mir-7
and Sim1-cre;mir-7"" mice. k-p 72-hour metabolic cage measurements of HFD-fed
female mir-7" and Sim1-cre;mir-7""' mice (n=7 animals). (k) Cumulative food
intake; (I) average food intake per 12-h phase; (m) hourly energy expenditure; (n)
average energy expenditure per 12-hour phase; (0) cumulative locomotor activity;

(p) average locomotor activity per 12-hour phase. Dark phases are shaded in grey.
q-t Random fed blood glucose (n =8 and 11 animals) (q), blood glucose during an
ipGTT (n =8 and 11 animals) (r), blood glucose during anipITT (n =6 and 9 animals)
(s), and plasma insulin during an ipGTT (n= 6 animals) (t) in chow-fed female
mir-7" and SimlI-cremir-7"#' mice. u-x Random fed blood glucose (n=18 and

13 animals) (u), blood glucose during an ipGTT (n =16 and 12 animals) (v), blood
glucose during an ipITT (n =16 and 12 animals) (w), and plasma insulin during an
ipGTT (n=7 animals) (x) in HFD-fed female mir-7" and SimI-cre;mir-7"" mice. Data
are presented as mean + SD. *P < 0.05; **P < 0.01; **P < 0.001, ***P < 0.0001; no
asterisk indicates P> 0.05; 2-way repeated measures ANOVA with Sidak’s multiple
comparisons test (b,c,d, e, g h,I,n,p,r,s,t, v,w, X), two-tailed ¢ test i, j, or 2-way
repeated measures ANOVA (k, m, 0, q, u). Source data are provided as a Source
Data file.
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Fig. 3 | Neuroendocrine abnormalities in mice lacking miR-7 in Sim1 neurons.
a-b Body length of chow-fed female (n =16 and 18 animals) (a) and HFD-fed female
(n=9 and 7 animals) (b) mir-7# and SimI-cre;mir-7"# mice. c-j Pituitary Gh

expression (relative to mir-7"") (n =8 animals) (c), pituitary GH content (n=8 ani-
mals) (d), liver IGF-1 content (n =8 animals) (e), plasma IGF-1 concentration (n =16
animals) (f), pituitary Pomc expression (relative to mir-7") (n =8 and 7 animals) (g),
pituitary ACTH content (n = 8 animals) (h), plasma ACTH concentration (n=8 and 7
animals) (i), and plasma corticosterone concentration (n =7 animals) (j), in chow-
fed mir-7" and Sim1-cre; mir-7"/ mice. k-n 72-hour metabolic cage measurements

Time (h)

of chow-fed (n =8 animals) (k-1) and HFD-fed (n =7 animals) (m-n) female mir-7"
and Sim1-cre;mir-7"" mice. k, m cumulative water intake; (I, n) average water intake
per 12-hour phase. Dark phases are shaded in grey. o Water intake of mir-7* and
Simi-cre;mir-7" mice during a 12-hour dark phase following intraperitoneal injec-
tion of PBS (phosphate-buffered saline), AVP ((Arg8)-Vasopressin), or DDAVP
(Desmopressin) (n =8 animals). Data are presented as mean + SD. *P< 0.05;
*P<0.01; **P<0.001; no asterisk indicates P> 0.05; two-tailed ¢ test (a-j), 2-way
repeated measures ANOVA (k, m), or 2-way repeated measures ANOVA with Sidak’s
multiple comparisons test (I, n, 0). Source data are provided as a Source Data file.

Deletion of mir-7 in Siml neurons causes neuroendocrine
abnormalities

Subsets of Siml neurons release neuropeptides from axon terminals in
the posterior pituitary and hypophyseal portal system to control
endocrine axes involved in growth, stress response, and fluid home-
ostasis. We found that the loss of miR-7 increased linear growth in
chow-fed females but not males (Fig. 3a, Supplementary Fig. 3a), and in
both HFD-fed males and females (Fig. 3b, Supplementary Fig. 3b).

Despite their obesity, we found increased levels of growth hormone
(GH) mRNA and protein in the pituitary, as well as increased insulin-like
growth factor 1 (IGF-1) protein levels in the liver and plasma of Sim1-
cremir-7** mice compared to mir-7% controls (Fig. 3c—f). These find-
ings align with results in human MC4R deficiency, where the pulsatile
secretion of GH is retained compared to weight-matched controls*.
Our findings in SimI-cre;mir-7"" mice indicate that increased linear
growth may be a consequence of both reduced somatostatin
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(increasing GH secretion) and increased insulin secretion, as also seen
in mice and humans with MC4R deficiency®**.

In SimI-cre;mir-7"! mice, pituitary Pomc expression was unchan-
ged (Fig. 3g), but pituitary adrenocorticotropic hormone (ACTH)
content, plasma ACTH levels, and plasma corticosterone levels were
reduced (Fig. 3h-j), indicating a suppression of the hypothalamic-
pituitary-adrenal (HPA) stress-response axis downstream of CRH-
expressing Siml neurons.

In metabolic cages, SimI-cre;mir-7"" mice exhibited increased
water intake compared to mir-7 controls (Fig. 3k-n, Supplementary
Fig. 3c, d). We found that this phenotype could be reversed by
administration of AVP or Desmopressin (DDAVP), a synthetic vaso-
pressin analog that acts on the V2 receptor to mediate the antidiuretic
effect of AVP in renal tubular cells (Fig. 30). These results suggest that
inadequate levels of AVP released from Siml neurons caused impaired
water retention and excess water intake in SimI-cre;mir-7"" mice.

Deletion of mir-7 in POMC- and LepR-expressing neurons causes
weight gain

We also performed the metabolic phenotyping screen (Fig. 2a) in the
other conditional knockout mouse models. In Pomc-cre;mir-7"# mice,
we observed no change in body weight on chow diet (Supplementary
Fig. 4a, b), but detected a slight exacerbation of HFD-induced obesity
in females, with a similar trend toward weight gain in males (Supple-
mentary Fig. 4c, d). In metabolic cage experiments, we measured no
differences in food intake, water intake, energy expenditure, RER, or
locomotor activity of chow-fed males or females (Supplementary
Fig. 4e-x). Finally, we found slightly elevated blood glucose levels and
impaired glucose tolerance in Pomc-cre;mir-7** females, but not males
(Supplementary Fig. 4y-ah). Loss of miR-7 in LepR-expressing neurons
yielded a similar phenotype as the POMC neuron-specific ablation of
mir-7 (Supplementary Fig. 5a-ah). In Agrp-cremir-7# mice, we
observed no changes in body weight or glucose homeostasis in chow
or HFD-fed mice of either sex (Supplementary Fig. 6a-ah). These data
indicate that loss of miR-7 in POMC and LepR neurons leads to a mild
exacerbation of diet-induced obesity and impaired glucose tolerance,
whereas miR-7 does not appear to modulate any metabolic functions
of AgRP neurons.

Reduced neuron abundance and neuropeptide expression in
Siml neurons lacking miR-7

Sim1 haploinsufficiency in mice is associated with a 24% reduction in
the number of PVN neurons®, We examined the PVN in mice expressing
tdTomato in Siml neurons and observed an 18% loss of Siml neurons in
SimI-cre; LSL-tdTomato; mir-7"# mice compared to Siml-cre;LSL-tdTo-
mato control mice (Fig. 4a, b). Whilst neuronal loss may contribute to
the metabolic phenotype, it is notable that postnatal deletion of Sim1
induces a similar phenotype without affecting cell number'®**, We next
performed RNA sequencing of FACS-sorted Sim1 neurons from SimlI-
cre;LSL-tdTomato and SimI-cre;LSL-tdTomato;mir-7"" mice (Fig. 4c). In
control mice, expression of miR-7a and miR-7b was enriched in tdTo-
mato+ neurons compared to tdTomato- neurons of the hypothalamus
(Fig. 4d, e). Furthermore, miR-7 expression was only reduced in
tdTomato+, but not tdTomato- neurons of SimlI-cre;LSL-tdTomato;mir-
7" mice compared to controls (Fig. 4d, e).

RNA sequencing revealed 522 upregulated transcripts and 651
downregulated transcripts in Siml neurons lacking miR-7 (Fig. 4f). In
particular, we observed reduced expression of Mc4r and several key
neuropeptides, including Oxt, Aup, and Prodynorphin (Pdyn) (Fig. 4g).
An unbiased QIAGEN Ingenuity Pathway Analysis (IPA) of RNA sequen-
cing data identified CREBI1 as the top predicted regulator of gene
expression changes in SimlI-cre:LSL-tdTomato;mir-7"? versus Siml-
cre;LSL-tdTomato mice, with a negative z-score indicating inhibited
function (Fig. 4h). In addition, CREB1 was among the top 5 Enrichr
results from “ENCODE and ChEA Consensus Transcription Factors from

ChIP-X” for significantly downregulated genes (Fig. 4i). Immuno-
fluorescence analysis of phosphorylated CREB (p-CREB) in Siml neu-
rons revealed reduced intensity of p-CREB signal in double-positive p-
CREB+/tdTomato+ cells, but not in p-CREB+/tdTomato- cells in Simi-
creLSL-tdTomato;mir-7* mice compared to control mice (Fig. 4j, k).
CREB mediates the effects of canonical MC4R signalling through the
Gos—CAMP-PKA cascade*™, and mice with genetic deletion of CrebI in
Siml neurons develop obesity, impaired thermogenesis, and reduced
AVP expression*®. Therefore, reduced CREB activation likely contributes
to the metabolic defects in mice lacking miR-7 in Siml neurons.

No change was found in the expression of Nosl, a marker of the
Siml neuron subpopulation that contains the OXT-expressing
neurons®. This suggests that the downregulation of specific neuro-
peptides such as Oxt represents a gene expression defect, rather than a
subtype-specific loss of cell populations (Fig. 4g). Immuno-
fluorescence analysis of OXT in Siml neurons confirmed that subtype-
specific cell loss was not responsible for the downregulation of Oxt
expression, as the number of OXT+ neurons was reduced to a similar
extent as that of Siml neurons (Supplementary Fig. 7a, b). PDYN and
MCA4R are produced in distinct subsets of Siml neurons that act
independently to reduce feeding®; additionally, both AVP- and OXT-
expressing neurons have been implicated in Siml neuron-induced
satiety’°. Thus, dysfunction of several Siml neuron subpopulations
likely contributes to the hyperphagic obesity of SimI-cre;mir-7"" mice.

In the brain, miR-7 forms a unique regulatory network with Cdrlas
and Cyrano. While Cyrano has been previously shown to induce
degradation of miR-7 in the hypothalamus, a reciprocal effect of miR-7
on hypothalamic Cyrano expression was not observed®. Interestingly,
Cyrano was 1.3-fold upregulated in Siml neurons lacking miR-7
(Fig. 4g). As we have found that miR-7 is enriched in Siml neurons
compared to the rest of the hypothalamus (Fig. 4d, e), it is plausible
that its particularly high expression in Siml neurons enables miR-7 to
regulate Cyrano in a cell type-specific manner that is not detectable at
the whole-tissue level.

The miR-7 target genes Snca and Igsf8 act in Siml neurons to
regulate body weight

MiRNAs directly repress target transcripts possessing a specific miRNA
binding site in their 3’UTR. We found that mRNAs with a conserved
8mer, 7mer-m8, or 7mer-Al binding site for miR-7 in their 3’UTR
(classified by TargetScanMouse release 7.2°') were preferentially
upregulated in Siml neurons of SimI-cre;LSL-tdTomato;mir-7"* mice
compared to SimlI-cre;LSL-tdTomato controls (Fig. 5a). In comparison,
predicted targets of miR-16, which is ubiquitously expressed and is
abundant in the mouse hypothalamus®, were not enriched (Fig. 5b).
After applying a threshold of 1.3-fold upregulation, RNA sequencing
revealed 22 predicted target genes of miR-7 (Fig. 5c, d). In mammals,
miRNAs predominantly regulate their target protein levels through
destabilization and degradation of their target mRNA; as such, reg-
ulation of target mRNA expression and protein translation is tightly
correlated®. By manipulating miR-7 expression in neuronal cells, we
confirmed that miR-7 regulates its target mRNA and protein levels in a
consistent manner (Supplementary Fig. 8a-d).

To investigate the role of the identified miR-7 target genes in Siml
neuron function, we performed AAV-mediated, Cre-dependent over-
expression of selected targets in Siml neurons using a pAAV-FLEx
vector in an AAV-PHP.eB capsid that efficiently transduces the CNS
upon intravenous administration®* (Fig. 5e). For this analysis, we
selected seven of the 22 target genes that were upregulated upon mir-7
ablation: the five most upregulated genes (Spata2, Fndc4, Pole4, Snca,
and Smim12), as well as Arrbl (the gene encoding Beta-arrestin-1), due
to its known role in MC4R signalling® %, and /gsf8, which had the
highest baseline expression among the upregulated target genes and is
known to modulate neuronal function®*®°, We verified that these
constructs induced expression that persisted in the PVN for at least
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cells from hypothalamus of Simi-cre;LSL-tdTomato and SimI-cre;LSL-tdTomato;mir-
7" mice (n=4 samples, with 4 mice pooled per sample). Expression is relative to
tdT-negative cells from Sim1I-cre;LSL-tdTomato mice. f -loglO(g-value) and log2(-
fold change) of all expressed genes in SimI-cre;LSL-tdTomato;mir-7"# versus Simi-
cre;LSL-tdTomato RNA sequencing data. Significantly regulated genes (g < 0.05) are
indicated in red. g log2(fold change) of key neuropeptide-encoding genes (left
panel), and Mc4r, Nosl, Sim1, and Cyrano (right panel) in SimI-cre;LSL-tdTomato;mir-
7 versus SimlI-cre;LSL-tdTomato RNA sequencing data (n = 4 samples, with 4 mice
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Consensus Transcription Factors from ChIP-X” of downregulated genes in SimI-
cre;LSL-tdTomato;mir-7"" versus SimI-cre;LSL-tdTomato RNA sequencing data.
Numbers in the bars indicate the number of genes contributing to the prediction.
Jj-k Representative immunofluorescence (scale bar: 250 pm) (j) and quantification
(n=5 and 4 animals) (k) of p-CREB intensity in p-CREB+ /tdTomato+ cells and p-
CREB+ /tdTomato- cells in the PVN of SimI-cre;LSL-tdTomato and SimI-cre;LSL-
tdTomato;mir-7"# mice. Green, p-CREB; magenta, tdTomato; blue, Hoechst. Data
are presented as mean + SD, where error bars are present. *P < 0.05; **P< 0.01;
***P < 0.001; ***P < 0.0001; no asterisk indicates P > 0.05; two-tailed ¢ test (b), 2-way
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4 months after injection (Fig. 5f, Supplementary Fig. 8e, f). Comparing
the body weight of AAV-injected SimlI-cre mice versus AAV-injected
wild-type littermates, we found that overexpression of Snca (Fig. 5g)
and /gsf8 (Fig. 5h) caused an exacerbation of HFD-induced obesity,
whereas overexpression of Spata2, Pole4, Fndc4, Smim12, or ArrbI had
no impact on body weight (Supplementary Fig. 8g-k). Both Snca
(encoding a-Synuclein) and /gsf8 (encoding Immunoglobulin Super-
family Member 8) contain a conserved 8-mer binding site for miR-7,
but only Snca has been previously confirmed as a direct miR-7 target
gene””?, We therefore cloned the 3'UTR of /gsf8, containing either the
wild-type or mutated miR-7 binding sites, into a luciferase reporter
construct and confirmed by luciferase assay that Igsf8is a direct target
of miR-7 (Fig. 5i). In addition to their effects on body weight,

overexpression of both Snca and /gsf8 in Siml neurons led to an
increase in plasma insulin (Fig. 5j, k) and plasma IGF-1 (Fig. 51, m),
whereas no differences were observed upon overexpression of Spata2,
Pole4, Fndc4, Smim12, or Arrbl (Supplementary Fig. 81-p). The fact that,
among all investigated targets, only Snca and /gsf8 have a detectable
function in Siml neurons may be related to their enriched expression
in these cells; Snca and /gsf8 display the highest baseline expression
out of the 22 upregulated targets in Siml neurons (Supplementary
Fig. 8q). Corticosterone levels and water intake were unchanged upon
overexpression of Snca or Igsf8 (Supplementary Fig. 8r-u), suggesting
that the function of CRH- and AVP-expressing Siml neurons was not
impaired by these targets. Food intake was slightly increased in mice
with Igsf8 overexpression (Supplementary Fig. 8v, w), while energy
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Fig. 5 | Identification of miR-7 target genes involved in Siml neuron function.
a-b Cumulative frequency distribution of mRNA changes for predicted targets of
miR-7 (a) or miR-16 (b) in SimI-cre;LSL-tdTomato;mir-7"" versus Siml-cre;LSL-
tdTomato RNA sequencing data. Targets are binned by cumulative weighted con-
text++ score (cs ++) and compared to all expressed genes. Number of genes per
bin for miR-7: black, 16830; blue, 225; orange, 149; red, 112. Number of genes per bin
for miR-16: black, 16830; blue, 332; orange, 408; red, 425. ¢ log2(fold change) and
mean FPKM (fragments per kilobase of transcript per million fragments mapped) of
all predicted conserved miR-7 target genes in SimlI-cre;LSL-tdTomato;mir-7"" versus
SimlI-cre;LSL-tdTomato RNA sequencing data. Targets with >1.3-fold upregulation
are shown in red. d Expression (relative to Simi-cre;LSL-tdTomato) of upregulated
targets in SimI-cre;LSL-td Tomato;mir-7" versus SimlI-cre;LSL-tdTomato RNA
sequencing data (n =4 samples, with 4 mice pooled per sample). e Strategy of Cre-
dependent target overexpression using a pAAV-FLEx vector. f V5 immuno-
fluorescence in the PVN of WT (representative of 3 mice) and SimI-cre mice

AAV-Snca AAV-Snca AAV-Igsf8 AAV-Igsf8

(representative of 3 mice), 4 months after injection with AAV-Snca (scale bar: 250
pm). Green, V5; Blue, Hoechst. g-h Body weight of HFD-fed female WT and SimI-cre
mice injected with AAV-Snca (n=7 and 9 animals) (g) or AAV-Igsf8 (n=7 and 9
animals) (h). i Luciferase assay of cells expressing the WT or mutated 3'UTR of /gsf8,
with or without miR-7 overexpression (n = 4; representative of two independent
experiments). j-m Plasma insulin (j-k) and IGF-1 (I-m) in WT and SimI-cre mice
injected with AAV-Snca (n=7 and 9 animals) (j, I) or AAV-Igsf8 (n=7 and 9 animals)
(k, m). Data are presented as mean + SD, where error bars are present. *P < 0.05;
**P < 0.01; **P < 0.001; ***P < 0.0001; no asterisk or n.s. indicates P> 0.05; Kruskal-
Wallis test with Dunn’s multiple comparisons test (a, b), 2-way repeated measures
ANOVA (g, h; genotype-by-time interaction), 2-way ANOVA with Sidak’s multiple
comparisons test (i), or two-tailed ¢ test (j-m). **g < 0.01; ***q < 0.0001; quasi-
likelihood (QL) differential expression test (c, d). Source data are provided as a
Source Data file.

expenditure was slightly reduced in mice with Snca overexpression
(Supplementary Fig. 8x, y). Taken together, overexpression of Snca
and /gsf8 in Sim1 neurons each partly recapitulates the phenotype of
SimI-cremir-7"" mice. These data identify Snca and Igsf8 as direct
targets of miR-7 that play a functional role in Siml neurons to regulate
body weight and endocrine axes.

Human variants in the locus encompassing MIR7-1 are asso-
ciated with height and adiposity

MIR7-1/mir-7al is located in the last intron of a ubiquitously expressed
gene, HNRNPK (Heterogeneous Nuclear Riboucleoprotein K), an RNA-
binding protein that complexes with pre-mRNAs in the nucleus to
influence their processing and transport. MIR7-1 is co-transcribed with
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its host gene, and its tissue specificity is achieved by inhibition of
miRNA maturation in non-neuronal cells® ., To investigate the
potential contribution of variation in miR-7 expression to human
adiposity, height and metabolic traits, we interrogated Genome-Wide
Association Studies (GWAS) and expression quantitative trait loci
(eQTL) using publicly available resources which collate numerous
large datasets (OpenTargets®’, FIVEX®®, PhenomeXcan®).

Loci linked to HNRNPK by the Open Targets locus-to-gene
pipeline®” were associated with several traits including height, trunk
fat ratio and triglyceride levels (GWAS threshold P<5 x107%) (Fig. 6a,
Supplementary Data 1). Credible sets contained 7 variants overlapping
putative HNRNPK promoter regions immediately 5’ of the HNRNPK
coding region (Fig. 6b). In neuronal cells, increased transcription of
Hnrnpk induces an equivalent increase in pre-miR-7al and mature miR-
7a levels®’; therefore, variants affecting transcription of HNRNPK would
similarly affect miR-7 expression. To investigate whether human non-
coding variants were associated with altered expression of HNRNPK,
we interrogated data from a series of human eQTL datasets. Among
single-variant eQTL summary statistics reporting nominal association
(P<0.05) with HNRNPK expression®, 22 of the 24 studies showed that
variants were associated with decreased expression, including four
datasets derived from brain samples. Six variants overlapping the
HNRNPK 5 promotor region were part of the credible set (monocyte,
BLUEPRINT study; posterior inclusion probability, PIP = 0.016 for each
of these 6 variants, pairwise r* > 0.9; credible set size =72) (Fig. 6c, d);
that is, evidence for a putative causal variant rather than in linkage
disequilibrium (LD) with a causal variant. Open Targets reported
colocalisation of this monocyte eQTL with height and comparative
height at age 10. The directions of effect at these loci are consistent
with decreased HNRNPK expression associated with increased height
and trunk fat percentage (Fig. 6e). We conclude that common variants
in the region upstream of HNRNPK are associated with decreased
HNRNPK expression and increased height and trunk fat in humans.

Additionally, we used PhenomeXcan® to interrogate gene-tissue-
trait associations for the host gene HNRNPK and target genes IGSF8 and
SNCA. For each gene, we identified consensus associations across GTEx
tissues and investigated the direction of effect for human traits (Sup-
plementary Data 2). For top-ranked relevant traits, we inspected the
direction of effect per tissue (Supplementary Data 2). We found that
increased expression of HNRNPK is associated with reduced height and
adiposity traits (Supplementary Data 2a-e), while increased expression
of IGSF8 tends to be associated with increased height and adiposity
traits (Supplementary Data 2f). SNCA expression was not consistently
associated with increases or decreases in height or adiposity traits
(Supplementary Data 2i-j). However, the per-tissue associations of
SNCA expression with the two top-ranked height-related traits (each
showing different direction of effect in consensus analysis across tis-
sues) suggest that higher expression of SNCA in some neural and
endocrine tissues (including pituitary, pancreas, adipose tissues,
nucleus accumbens, and basal ganglia) is associated with increased
height (Supplementary Data 2k). Therefore, we found that the direc-
tion of effect for associations between variants that alter the expres-
sion of HNRNPK and IGSF8, and SNCA in some cell types, are consistent
with the mouse phenotypes observed.

Discussion

The evolutionary conservation of miR-7, the redundancy of three
independently regulated miR-7-encoding genes, and its tissue-specific
expression pattern suggest that this miRNA family carries out an
important functional role in the hypothalamus. Here, by deploying a
systematic approach to investigate the physiological consequences of
mir-7 deletion from several hypothalamic cell populations critical to
the regulation of mammalian energy homeostasis, we discovered that
miR-7 plays an essential role in Siml neurons to maintain energy
homeostasis (Fig. 7). The slight weight gain observed in Pomc-cre;mir-

7% and Lepr-cre;mir-7"" mice, combined with the absence of weight
gain in Agrp-cremir-7* mice, is consistent with miR-7 coordinately
regulating gene expression responses to defend against starvation, in
keeping with the regulation of this microRNA by states of negative and
positive energy balance.

Although several miRNAs have been implicated in peripheral
metabolism, only a few studies have linked miRNAs to the hypotha-
lamic control of energy homeostasis®®”. A previous study over-
expressing a miR-7 sponge in POMC neurons found only a minor effect
on body weight’®, in line with our results upon genetic deletion of mir-7
in these neurons. Here, by examining the effects of mir-7 deletion in
Lepr, Pomc, Agrp and SimlI-expressing neurons, we demonstrate that
miR-7 in Siml neurons plays a critical role in energy balance control.
The indispensability of miR-7 in the melanocortin circuit controlling
body weight is remarkable, as deletion of individual miRNAs rarely
causes marked phenotypes’”>.

The loss of miR-7 from Siml neurons induces severe obesity,
increased energy intake, decreased energy expenditure, increased
linear growth, and hyperinsulinemia due to increased insulin secretion.
These phenotypes precisely mirror those seen in mice and humans
with SIM1 haploinsufficiency. Amongst the different neuronal popu-
lations in the PVN, the effects of miR-7 on food intake, energy expen-
diture, linear growth and insulin secretion are likely to be mediated by
the disrupted function of MC4R-expressing neurons (Fig. 7). These
phenotypes overlap with those seen in humans (and mice) with loss-of-
function mutations in MC4R, which represent the commonest mono-
genic cause of obesity. Similarly, disruption of genes which affect the
development and/or function of hypothalamic melanocortin circuits
cause obesity and increased growth in multiple species’*’¢. To that
end, it is notable that the miR-7 sequence is highly conserved across
zebrafish, mice, and humans and may similarly regulate the melano-
cortin pathway across these species. In ob/ob mice with leptin defi-
ciency and an associated reduction in MC4R signalling, the observed
upregulation of hypothalamic miR-7 expression may represent a
compensatory mechanism to dampen the obesogenic effect of a
suppressed melanocortin system.

This study demonstrates that miR-7 is required for the sexual
dimorphism of body weight control, as female mice lacking miR-7 in
Siml neurons exhibit enhanced obesity and ultimately attain the same
body weight as male mice. Estrogens contribute to the sexual
dimorphism of obesity susceptibility, such that males and ovar-
iectomized females are more obesity-prone than intact female
mice””’®, Furthermore, estrogen has recently been shown to regulate
melanocortin circuits”. Notably, we have previously reported a reci-
procal relationship between miR-7 and estradiol, in which estradiol
regulates miR-7 expression®® and mir-7a2”~ mice develop hypogona-
dotropic hypogonadism and suppression of circulating estradiol”.
Further studies are warranted to determine whether miR-7 plays a role
in the protective effects of estrogens on diet-induced obesity. The sex-
specific effects of miR-7 depletion may also arise from the fact that
Siml neurons themselves contribute to energy balance control in a
sexually dimorphic manner. For example, it has been shown that both
Sim1 deficiency and Siml neuron ablation elicit greater obesity in
females compared to males'®*+3°,

UBC-cre/ERT2; mir-7"" mice displayed a more pronounced obesity
phenotype than Simi-cre:mir-7* mice, suggesting that miR-7 in other
unidentified cell population(s) or an additive effect of miR-7 in multi-
ple hypothalamic cell types may be implicated in weight regulation. In
addition to the ARC and PVN, miR-7 is also highly expressed in the
suprachiasmatic nucleus (SCN) and the supraoptic nucleus (SON). The
SCN is the circadian pacemaker in mammals; it controls behavioural,
neuroendocrine, and autonomic functions to coordinate the daily
rhythm of neural and metabolic processes®. As SCN disruption leads to
metabolic dysfunction and obesity®*®*, loss of miR-7 in this hypotha-
lamic region may account for the stronger obesity phenotype of
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UBC-cre/ERT2:miR-7"" mice compared to Siml-cremiR-7"#' mice. The
SON is comprised of magnocellular OXT- and AVP-expressing neurons
that release these neuropeptides into circulation through axon term-
inals in the posterior pituitary. Siml is expressed in neurons of both
the PVN and SON, as these two populations arise from a common
developmental lineage®*. Thus, deletion of mir-7 in the SON of

SimI-cre;miR-7"" mice may contribute to phenotypes related to OXT
and AVP release, such as water intake.

Using an in vivo, Cre-dependent viral overexpression approach,
we identified /gsf8 and Snca as direct miR-7 targets that are individually
sufficient to regulate energy homeostasis and neuroendocrine axes
through Siml neurons. IgSF8 localizes to presynaptic axon terminals®®
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Fig. 6 | Association of human variants in the locus encompassing MIR7-1 with
height, adiposity and related traits. a MIR7-1 is located in the last intron of
HNRNPK (dark grey, GENCODE V38; chr9:83.6-84.1 Mb). Tracks display ENCODE
candidate cis-Regulatory Elements (ENCODE cCREs"?; red, promotor-like; orange,
proximal enhancer-like; yellow: distal enhancer-like; blue: CTCF-only) and histone
acetylation (H3K27Ac) tracks (UCSC browser hg38, (http://genome.ucsc.edu'™).
Tracks labelled with phenotypic traits (UK Biobank Neale v2, 2018) show the
position of fine-mapped variants with Open Targets variant-to-gene (V2G) anno-
tations for HNRNPK within this chromosomal region. Trait superscripts 1-6 refer to
study-locus summary statistics in Supplementary Data 1b. Summary statistics for
study-locus associations which had an Open Targets locus-to-gene (L2G) annota-
tion for HNRNPK are provided in Supplementary Data 1. b Fine-mapping of GWAS
locus for standing height, shown as posterior probability (PP) for each variant in the
95% credible set (UK Biobank-derived trait NEALE2 50 raw, lead variant
chr9:84,020,284 G > C; data from Open Targets; Supplementary Data 1). The sha-
ded area indicates a region where credible variants overlap with predicted

regulatory regions immediately 5’ of HNRNPK. Six of these seven variants are in high
pairwise LD (r?> 0.95). ¢ LocusZoom of the reported cis-eQTL for HNRNPK
expression in monocytes (BLUEPRINT); data from FIVEx, https://fivex.sph.umich.
edu. Open Targets reported evidence of colocalisation with standing height (UKB
Neale v2, 2018; coloc™, H4 = 0.81, QTL beta = 0.04). eQTL minimum p-value was at
rs10868089-C (chr9:84,042,868 T > C, LD reference variant). d Zoomed-in view
showing predicted ENCODE cis-Regulatory Elements immediately 5" of HNRNPK
(chr9:83.976-83.984 Mb). Displays variants which are contained in a credible set of
a selected trait (for UK Biobank-derived traits) or are in linkage disequilibrium
(> 0.8) with the lead variant (for non-UK Biobank studies). Trait superscripts 4-13
refer to study-locus summary statistics in Supplementary Data 1b. e Single-variant
summary statistics (p-value and direction of effect) for the HNRNPK eQTL lead
variant shown in (c) (rs10868089-C, chr9:84042868 T > C) obtained from Open
Targets. Points represent UK Biobank-derived traits (UK Biobank Neale v2, 2018)
with single-variant P < 0.05.
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Fig. 7 | The role of miR-7 in Sim1 neurons to regulate mammalian energy
homeostasis and neuroendocrine function. In mice, hypothalamic expression of
miR-7 is regulated by metabolic state. In humans, variants in the locus encom-
passing miR-7 are associated with reduced expression of HNRNPK/MIR-7-1. miR-7
regulates the expression of the noncoding RNAs Cyrano and Cdrlas (dashed lines
indicate previously published data®). Loss of miR-7 expression in Siml neurons
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leads to upregulation of miR-7 target genes, including Snca and /gsf8, to disrupt the
function of multiple Siml neuron subpopulations. As a result, the absence of miR-7
causes hyperphagic obesity, increased linear growth, increased insulin secretion,
increased fluid intake, and suppressed HPA axis function. Green arrows indicate a
positive effect on expression; red blunt-headed lines indicate a negative effect on
expression.

and has been recently described to regulate synaptic function in
hippocampal circuits®. In line with our findings of increased plasma
insulin upon /gsf8 overexpression, Igsf8 knockout mice have been
reported to exhibit impaired glucose tolerance by the International
Mouse Phenotyping Consortium (www.mousephenotype.org)®.
Alpha-synuclein is known for its pathological aggregation in neu-
rodegenerative disorders and is associated with dopaminergic
neuron loss in Parkinson’s disease®. While its physiological function
is only partly understood, accumulation of a-synuclein has been
linked to ER stress, altered mitochondrial function, impaired vesicle
trafficking, and synaptic dysfunction®. Of note, the overexpression
of these two target genes did not fully recapitulate the obesity
phenotype induced by mir-7 deletion. These intermediate pheno-
types likely reflect the fact that miRNAs typically act via the

cumulative contributions of several target genes to simultaneously
regulate numerous cellular processes in a sensitized background
such as metabolic stress conditions®. In genetic mouse models
harbouring mutated miRNA binding sites within target genes, only
rare targets containing multiple binding sites tend to elicit strong
phenotypes®’, whereas most targets typically have negligible or
partial contribution to the miRNA phenotypes®. The fact that Snca
and /gsf8 overexpression did not affect corticosterone levels or
water intake may suggest that other targets mediate the effects of
miR-7 in specific Siml neuron subpopulations. Alternatively, as
miR-7 is known to regulate neuronal development®, the post-
developmental timing of AAV-mediated target overexpression may
have precluded the detection of important developmental roles for
these targets in specific Siml neuron subpopulations.
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By interrogating genome-wide association studies based on mul-
tiple cohorts involving >500,000 people, as well as large-scale eQTL
resources, we found that variants at the HNRNPK/MIR7-1 locus were
associated with increased height and truncal fat and with other related
measures such as bioelectrical impedance. We also observed associa-
tions with phenotypes that are directly modulated by the degree of
adiposity, in particular the timing of puberty. Several studies have
shown that variants associated with body mass index (BMI) or obesity
are also associated with the timing of pubertal onset (recorded by age
of menarche in females or timing of voice break in males”?). These
associations with the timing of puberty could also be linked to the
necessity of miR-7 for the maintenance of pituitary hormone produc-
tion and fertility”*®. Recognised limitations of current genetic
resources include uncertainty in predicting causal genes at GWAS and
eQTL loci, a lack of validation data for the predicted direction of
tissue-specific gene expression”®, and distinguishing causal genes in
the presence of regulatory pleiotropy®®®*. Further work is therefore
warranted to delineate the roles of genetic regulation by individual
alleles and other mechanisms on the expression of HNRNPK and
intron-embedded MIR7-1, as well as RMI1 (located head-to-head on the
opposite strand) and other proximal genes, and to assess their role in
the regulation of metabolic traits. Additional studies are also needed to
test whether variants in the loci surrounding /IGSF8 and SNCA are
associated with anthropometric and/or metabolic traits and whether
rare variants in these genes are associated with obesity in clinical
cohorts.

In summary, we demonstrate that miR-7 regulates the hypotha-
lamic melanocortin pathway. It is clear that quantitative variation in
MC4R signalling is a major regulator of human body weight, as loss-of-
function MC4R mutations cause obesity” and gain-of-function muta-
tions in MC4R protect against obesity*®. Moreover, MC4R agonists lead
to weight loss in people with obesity due to genetic disruption of the
melanocortin pathway” ™. In view of our findings, dissection of the
gene network regulated by miR-7 may reveal new insights into the
regulation of mammalian energy homeostasis and identify potential
targets for weight loss therapy.

Methods

Mouse strains and animal husbandry

All animal experiments were approved by the Kantonale Veterindramt
Zirich (Veterinary Office of the Canton of Ziirich). Pomc-cre (B6.FVB-
Tg(Pomc-cre)iLowl/))”, Lepr-cre (B6.129-Lepr™*cre®ek/[y%  Agrp-cre
(STOCK Agrp™icretowl/)yo7 - Simi-cre (B6.FVB(129 x 1)-Tg(Siml-cre)
1Lowl/))**, UBC-cre/ERT2 (B6.Cg-Ndor]"VBCe/ER121Eb /11)98 and Rosa26-
LSL-tdTomato (B6.Cg-Gt(ROSA)26Sor™#CAGwTomatolize /1y99  myjce  were
purchased from The Jackson Laboratory. Agrp-cre mice were back-
crossed five times into a C57BL/6 background before being used for
experiments. Generation of mir-7a?™, mir-7a2"®, mir-76™ mice has
been previously described”*, and mice harbouring all three floxed
alleles are referred to as mir-7"* mice. All mice were maintained on a
C57BL/6 background. Mice were housed in a pathogen-free animal
facility at the Institute of Molecular Health Sciences at ETH Ziirich, in a
temperature-controlled room (22 °C) with 55% humidity and a 12-hour
light/12-hour dark cycle (lights on from 06:00 to 18:00). Mice were fed
a standard laboratory chow diet (Kliba Nafag 3437; containing 3 kcal/g
metabolizable energy with 4.5% fat, 18.5% protein, and 38% carbohy-
drate [w/w]) or high-fat diet (HFD) (SAFE diets 260HF; containing
5.5kcal/g metabolizable energy with 36% fat, 20% protein, 37% car-
bohydrate, and 18% sucrose [w/wl]). Feeding with HFD began at
4-5 weeks of age. Weekly body weight and blood glucose measure-
ments were performed between 4-25 weeks of age. All other mea-
surements were performed between 8-25 weeks of age. Mice were
monitored for signs of distress at least three times per week, or twice
daily during metabolic cage experiments. Euthanasia was performed
by placing mice in a plastic container that was slowly flooded with

carbon dioxide. After breathing stopped, the head of the mouse was
removed to ensure death.

Tamoxifen administration

Four-week-old mir-7%* and UBC-cre/ERT2; mir-7"* littermate mice were
administered daily intraperitoneal injections of 2mg tamoxifen
(T5648, Sigma), dissolved at a concentration of 20 mg/ml in 10%
ethanol/90% corn oil, for 5 days. In HFD-fed cohorts, feeding with HFD
began one week after the last injection.

Body composition and length

Fat and lean mass composition was measured using an EchoMRI
instrument. Fat pad weights were determined by post-mortem dis-
section. Body length was measured as the distance from nose to base
of tail.

Metabolic cage measurements

Food intake, water intake, energy expenditure, locomotor activity, and
RER were measured in up to 16 cages simultaneously using the Phe-
noMaster home cage phenotyping system (TSE Systems) in the ETH
Phenomics Center Phenotyping Unit. After two days of habituation,
measurements were recorded for 72 hours. Data are presented as both
the hourly data over the 72 hour period as well as the average values
across all three recorded light (06:00-18:00) and dark phases
(18:00-06:00). For water intake measurements upon PBS, AVP, and
DDAVP administration, injections were performed over a period of
20 minutes between 17:20 and 17:40. Mice were injected intraper-
itoneally with PBS, 0.16 ug/g body weight AVP (H-1775, Bachem), or
0.25pg/g body weight DDAVP (H-7675, Bachem). Water intake was
subsequently recorded for 12 h during the dark phase.

Blood glucose measurements, ipGTT, and ipITT

Blood glucose was measured from a tail nick using a Contour XT
glucometer (Bayer). For ipGTT, mice were fasted for 6 hours prior to
intraperitoneal injection with D-glucose in PBS (2.5 g/kg body weight
for chow-fed mice or 1.25g/kg body weight for HFD-fed mice). For
ipITT, mice were fasted for 6 hours prior to intraperitoneal injection
with insulin (19278, Sigma) in PBS (0.5 U/kg body weight for chow-fed
mice or 0.7 U/kg body weight for HFD-fed mice).

Hormone measurements in plasma and tissues

To collect tissues for hormone measurements, mice were euthanized
by CO, inhalation and tissues were dissected, flash frozen on dry ice,
and stored at -80 °C. Tissues were homogenized in PBS supplemented
with protease inhibitor (11697498001, Roche) and lysed by sonication.
Protein concentration was measured by BCA assay. Blood was col-
lected from a tail nick into a tube containing EDTA (0.5mM final
concentration) and plasma was separated by centrifugation at 8000
rcf for 8 minutes. For plasma insulin measurements, mice were fasted
for 6 hours prior to blood collection.

The following assays were used for hormone measurements:
ACTH Ultrasensitive lumELISA (AC562T-100, Calbiotech), Corticos-
terone ELISA (ADI-900-097, Enzo), Growth Hormone ELISA (EZRMGH-
45K, Millipore), IGF-I/IGF-1 Quantikine ELISA (MG100, R&D Systems),
and Ultrasensitive Insulin ELISA (80-INSRTU, Alpco).

Cryosections and immunofluorescence
Mice were euthanized by CO, inhalation and perfused intracardially
with 10 mL of PBS, followed by 10 mL of 4% paraformaldehyde. Tissues
were dissected and fixed in 4% paraformaldehyde for 24 h at 4°C,
followed by 30% sucrose for at least 24 hours at 4 °C. Samples were
then frozen in O.C.T. compound (361603E, VWR), cryosectioned,
mounted onto glass slides, and stored at -80 °C.

Cryosections (30 pum) were permeabilized in 95% ethanol at
-20 °C for 5 minutes. For immunostainings with anti-Oxytocin or anti-
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V5 antibodies, antigen retrieval was performed in 10 mM sodium
citrate buffer (pH 6.0) for 10 minutes at 95 °C. Sections were blocked at
room temperature in PBS containing 0.1% Triton X-100, 1% bovine
serum albumin, and 5% goat serum for 1 hour. Primary antibodies were
applied at 4 °C overnight and secondary antibodies were applied at
room temperature for 1 hour. Hoechst dye was applied to stain nuclei,
and then slides were mounted using CC/Mount (C9368, Sigma).

Imaging was performed with a 20x objective on a Pannoramic 250
Slide Scanner (3D Histech). Image quantification was performed using
QuPath software version 0.1.2'°° by an experimenter who was blinded
to the genotypes. Quantification of tdTomato+ and p-CREB+ cells
within the PVN was performed in three sections per mouse, at 120 pm
intervals between —-0.7 mm to -0.96 mm to bregma'”, and is reported
as the average per mouse. P-CREB staining intensity was determined as
the mean grey value within each p-CREB+ cell, from which the back-
ground value (mean grey value of p-CREB-negative regions) was
subtracted.

Quantification of microRNA and mRNA by qPCR

Mice were euthanized by CO, inhalation and tissues were dissected,
frozen on dry ice, and stored at —80 °C. Pancreatic islet isolation was
performed as previously described®>. RNA isolation was performed
with TRI reagent (T9424, Sigma) according to the manufacturer’s
protocol. For mRNA measurements, reverse transcription was per-
formed with High Capacity cDNA Reverse Transcription kit (4368814,
Applied Biosystems) and qPCR was performed with SYBR Fast Uni-
versal Mastermix (KK4600, Kapa) and gene-specific primers (listed in
Supplementary Table 1) in a LC480 II Lightcycler (Roche). MicroRNA
measurements were performed with TagMan microRNA assay kits
(4440887, Applied Biosystems). Measurements of mRNA were nor-
malised to 36b4, and miRNA measurements were normalised to sno-
202. Absolute quantification of miR-7a and miR-7b was determined
using a spike-in of synthetic RNA comprised of the mature miR-7a or
miR-7b sequences. To differentiate between absolute levels of miR-7al
and miR-7a2, mature miR-7a was quantified in the hypothalamus of
mir-7a2”* and mir-7a2”~ mice.

Neuron isolation, FACS, and RNA extraction

Hypothalami from four 8-10 week old female mice were pooled for
each sample. The hypothalamus was dissected in a manner that
included the entire PVN region and excluded the SON region (which
also contains Siml-expressing neurons). Tissues were dissected into
cold Hibernate-A (A1247501, Gibco) and cut into small pieces with a
scalpel blade. Tissues were then incubated in dissociation media
(Hibernate-A minus calcium (HA-CA, Brainbits) with 2 mg/ml papain
(LS003120, Worthington), 100 U/ml DNase [ (LKO03172, Worthington),
0.5mM GlutaMAX (35050-038, Gibco), 5% w/v trehalose (T0167,
Sigma), 0.5mM EDTA, 5.5 mM L-cysteine, and 0.067 mM [-mercap-
toethanol) for 60 minutes at 37 °C with agitation. After the papain
digest, the dissociation media was replaced with pre-warmed tritura-
tion media (Hibernate A with 1x B27 supplement (17504044, Gibco),
0.5mM GlutaMAX, and 5% w/v trehalose). Samples were triturated
using a 200 plL pipette, and then pelleted by centrifugation at 100 rcf
for 10 minutes. Media was replaced with fresh trituration media and
the trituration and centrifugation steps were repeated. The cell pellet
was washed once with FACS media (Leibowitz’s L15 medium
(21083027, Gibco) with 10 mM Hepes, 1 mg/mL bovine serum albumin
(126579, Calbiochem), 5% trehalose, and 50 U/mL DNase I) to remove
traces of phenol red, and then was resuspended in FACS media. Prior
to sorting, cells were passed through a 35 pm mesh filter (352235,
Falcon). Dead cells were stained with Sytox blue (534857, Invitrogen).
Sorting was performed by the ETH Ziirich Flow Cytometry Core Facility
with a BD FACSArialll Cell Sorter. 10% of the sorted cells were used for
microRNA quantification by qPCR. For RNA sequencing, the remaining
90% of tdTomato+ cells were used for RNA isolation with PicoPure RNA

Isolation Kit (KIT0204, Applied Biosystems) according to manu-
facturers’ instructions with DNase treatment (79254, Qiagen).

RNA sequencing and analysis

Library preparation and sequencing were performed by the Functional
Genomics Center Ziirich. Sequencing libraries were prepared by
SmartSeq2 and sequencing was performed with the Illumina NovaSeq
6000. Raw reads were cleaned by removing adapter sequences, trim-
ming low quality ends, and filtering reads with low quality (phred quality
<20) using Trimmomatic (Version 0.36)'%. Sequence pseudo alignment
of the resulting high-quality reads to the mouse reference genome
(GRCm38.p6 assembly) and quantification of gene level expression
(gene models from GENCODE release M32) were carried out using
Kallisto (Version 0.44)°*, Differentially expressed (DE) genes were
identified using the R package edgeR'” from Bioconductor Version 20,
using a generalised linear model (glm) regression, a quasi-likelihood
(QL) differential expression test and the trimmed means of M-values
(TMM) normalisation. Predicted conserved miR-7 and miR-16 targets
were retrieved from TargetScanMouse release 7.2. The criteria for tar-
get site conservation in TargetScanMouse7.2 is defined by phylogenetic
branch length, with each site type having a different threshold for
conservation (8mer > 0.6; 7mer-m8 > 1.8; 7mer-1A > 2.5)",

Cell culture

SH-SYS5Y cells (94030304, Sigma) were cultured in a 1:1 mixture of
MEM (10370021, Gibco) and Ham’s F-12 Nutrient Mix (11765054,
Gibco), supplemented with 10% fetal bovine serum (F9665, Sigma),
0.5% GlutaMAX (35050061), 0.5% sodium pyruvate (11360070, Gibco),
and 1% pen strep (11548876, Gibco). GH3 cells (CCL-82.1, ATCC) were
cultured in Ham’s F-12K media (21127030, Gibco) supplemented with
15% horse serum (26050088, Gibco), 2.5% fetal bovine serum (F9665,
Sigma), and 1% pen strep (11548876, Gibco). Cells were plated at a
density of 50,000 cells/cm? for experiments.

Luciferase assay

To assess the interaction of miR-7 with the 3’'UTR of /gsf8, we utilized
the pmirGLO vector (E1330, Promega), which expresses firefly luci-
ferase (as an experimental reporter that is subject to the effect of
miRNA regulation) and Renilla luciferase (as an internal control).
160bp fragments of the /gsf8 3’'UTR containing either the WT
(GTCTTCCA) or mutated (GCCCTTCA) binding site for miR-7 were do
novo synthesized (Genscript; sequences listed in Supplementary
Table 2) and cloned into Sacl/Xbal sites of pmirGLO. GH3 cells on poly-
D-lysine coated plates (P6407, Sigma) were transduced with miR-7a2
and control recombinant adenoviruses®’, and then were transfected
24 hours later with pmirGLO-Igsf8-WT or pmirGLO-Igsf8-Mut using
Lipofectamine 2000 (11668019, Invitrogen). Cells were harvested and
assayed 24 hours post-transfection using the Dual-Luciferase Reporter
Assay System (Promega). Firefly luciferase activity was normalized to
the activity of the Renilla luciferase control.

Target gene AAV production and administration

PAAV-FLEX-GFP was a gift from Edward Boyden (Addgene plasmid
#28304). Annealed oligo cloning was performed to replace the GFP
sequence with new multiple cloning sites containing Spel/Nsil sites and
an N-terminal or C-terminal V5 tag (oligo sequences listed in Supple-
mentary Table 3). Target genes were PCR amplified from cDNA of
mouse brain (primers listed in Supplementary Table 3) and inserted into
the Spel/Nsil sites of the pAAV-FLEX-N-V5 or pAAV-FLEx-C-V5 vector.
The resulting plasmids were transfected with or without a Cre-
expressing plasmid (gift from Tyler Jacks; Addgene plasmid #17408)
into GH3 cells using Lipofectamine 2000 (11668019, Invitrogen) and
were harvested 48 hours post-transfection for verification of V5
expression by Western blot. Production of AAV-PHP.eB viral vectors was
performed by the EPFL Bertarelli Foundation Gene Therapy Platform.
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For each construct, AAV-PHP.eB vectors were generated by transient
transfection of the HEKExpress XLG1.0 cell line (ExcellGene SA) main-
tained in suspension in Freestyle F17 medium supplemented with 4 mM
GlutaMAX (ThermoFisher), as previously described'®. The pUCmini-
iCAP-PHP.eB was a gift from Viviana Gradinaru (Addgene plasmid
#103005). Transfection conditions were defined as previously
described'”’”. For vector production, cells were maintained for 7 days
after transfection in medium supplemented with 4 mM valproic acid
(Sigma). Cell supernatant was collected on days 4 and 7 after transfec-
tion and the cell pellet was collected on day 7. DNA present in the cell
pellet was eliminated by SAN nuclease digestion (ArcticZymes). For
downstream purification, AAV particles present in both the cell pellet
and culture medium were isolated by affinity chromatography using an
AKTA Pure chromatography apparatus (GE Healthcare) connected to a
5SmL pre-packed POROS CaptureSelect AAV9 column (ThermoFisher).
Buffer exchange (PBS supplemented with 0.001% Pluronic F-68 (Gibco))
and vector concentration were performed using a 100kDa cut-off
Amicon Ultra-15 device (Millipore). The final concentration of genome-
containing AAV particles in the vector suspension was determined by
digital PCR (QIAcuity Digital PCR System, QIAGEN) using TagMan pri-
mers specific for the WPRE sequence. AAV vectors were administered
intravenously to 3-4 week-old mice at a dose of 2.5 x 10" vg/mouse.

Western blot

Cells were washed once with PBS, then lysed in RIPA buffer (150 nM
NaCl, 1% Triton-X, 50 mM Tris, 0.5% sodium deoxycholate, 0.1% SDS)
supplemented with cOmplete, EDTA-free Protease inhibitors
(11873580001, Roche). Protein concentrations were measured by
bicinchoninic acid assay. Proteins were separated by SDS-PAGE,
transferred to nitrocellulose membranes, and blocked in 5% milk in
Tris-buffered saline with Tween-20 (TBS-T) for 1h. Membranes were
incubated with primary antibody at 4 °C overnight followed by sec-
ondary antibody at room temperature for 1h, and were developed
using ECL Western Blotting Substrate. For protein quantification,
densitometry was performed using ImageJ version 1.53¢ and values
were normalised to GAPDH. Uncropped images of blots are provided
in the Source Data file.

Antibodies

The following antibodies were used for immunofluorescence: guinea
pig anti-insulin (A056401, Dako, 1:1000), rabbit anti-phospho-CREB
(Ser133) (9198, Cell Signaling, 1:250), rabbit anti-Oxytocin (T-4084,
Peninsula Laboratories, 1:1000), mouse anti-V5 tag (R960-25, Invitro-
gen, 1:250), goat anti-guinea pig conjugated to Alexa Fluor 488
(A11073, Invitrogen, 1:500), goat anti-rabbit conjugated to Cy5
(A10523, Invitrogen, 1:500), and goat anti-mouse conjugated to
Alexa647 (115-605-003, Jackson ImmunoResearch, 1:500). The follow-
ing antibodies were used for Western blot: mouse anti-V5 tag (R960-25,
Invitrogen, 1:5000), goat anti-IgSF8 (AF3117, R&D Systems, 1:500),
mouse anti-Alpha-synuclein (610786, BD Biosciences, 1:500), rabbit
anti-Beta-arrestin (ab32099, Abcam, 1:1000), rabbit anti-c-Raf (53745,
Cell Signalling, 1:500), rabbit anti-GAPDH (2118, Cell Signalling,
1:1000), goat anti-rabbit conjugated to HRP (401393, Sigma, 1:10,000),
rabbit anti-goat conjugated to HRP (401515, Sigma, 1:10,000), and goat
anti-mouse conjugated to HRP (401253, Sigma, 1:10,000).

Statistics

Statistical analysis was performed using GraphPad Prism 7. Data are
presented as mean + standard deviation (where error bars are present).
Statistical tests are indicated in the figure legends. Sample size (n)
represents number of animals or number of wells in a multi-well cul-
ture plate, unless otherwise stated. A p value of less than 0.05 was
considered statistically significant.

Open Targets Genetics GWAS loci and gene prioritization

We defined a list of relevant human traits (anthropometry, adiposity,
puberty and other related traits) prior to selection and analysis of
GWAS loci. We used the pre-computed Open Targets Genetics (Version
5)%* locus-to-gene (L2G) resource®’ to obtain all GWAS loci (locus-trait
associations, p <1078 that had an L2G annotation for HNRNPK. Gene
prioritization scores and Partial gene prioritization scores were
inspected at each study-locus for distance, eQTL, colocalisation and
other evidence used by the L2G pipeline to prioritize genes at a GWAS
locus (https://genetics.opentargets.org/study-locus/[Study-ID]/[lead-
variant-ID]). Fine-mapping results (credible sets, available for UK Bio-
bank Neale v2 GWAS'®) and linkage disequilibrium (LD) with respect to
lead variants were downloaded from Open Targets LocusPlot variant-
to-gene (V2G) tables.

FIVEX eQTL repository

We obtained eQTL summary statistics and credible sets from the FIVEx
(Functional Interpretation and Visualization of Expression) instance at
https://fivex.sph.umich.edu® (accessed 25 October 2021), which is
based on data from the EBI eETL Catalogue'®. In this FIVEx instance,
credible sets (posterior inclusion probability, PIP) are calculated using
SuSiE", which aims to highlight significantly associated variants in the
presence of high LD. We used the FIVEx gene-search facility for
HNRNPK cis-eQTLs and found one reported significant eQTL (BLUE-
PRINT: monocyte). We used the LocusZoom utility in FIVEx to obtain
PIP and -log(P) plots for the credible set. Linkage disequilibrium is
displayed using the European (EUR) population. Single- variant cis-
eQTL nominal associations (P < 0.05) with HNRNPK expression were
obtained from the FIVEx single-variant view for variant rs796004 C>T
(chr9:83,979,883 C>T).

PhenomeXcan analysis of genes-tissues-traits in human
biobanks

We interrogated the PhenomeXcan repository®® (http://phenomexcan.
org) which aims to prioritize likely causal gene-trait associations by
synthesizing GWAS on 4,091 traits with transcriptome regulation data
from 49 tissues in GTEx v8. The GWAS traits are predominantly from
the Neale v2 GWAS resource'®® using UK Biobank data™. For each gene
(host gene HNRNPK, and target genes IGSF8 and SNCA) we performed a
PhenomeXscan search (P value<0.05) using two different thresholds of
regional colocalization probability, RCP>0.1 and RCP>0.01 (less
conservative)®®. Among top-ranked traits (by p-value) with a relevant
phenotype, we performed a PhenomeXscan_SingleTissue search among
all tissues (p < 0.05) and inspected the direction of effect in each tissue.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

RNA sequencing data have been deposited to the European Nucleotide
Archive (accession ID PRJEB48660). The following third-party data
sources were used in this study: mouse reference genome GRCm38.p6
assembly (https://www.ncbi.nlm.nih.gov/assembly/GCF_000001635.
26/), Open Targets Genetics (https://genetics.opentargets.org), FIVEx
(https://fivex.sph.umich.edu), PhenomeXcan (http://phenomexcan.
org), PhenomeXcan fastENLOC results (https://github.com/
hakyimlab/phenomexcan), PrediXcan GTEx v8 expression predictors
(https://www.predictdb.org), GTEx v8 eQTLs (accessible via https://
www.gtexportal.org/home/datasets). All other data generated or ana-
lysed during this study are included in this published article (and its
supplementary information files). Source data are provided with
this paper.
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