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Abstract Genome-wide association studies (GWAS) have identified a large number of candidate
genes believed to affect longitudinal bone growth and bone mass. One of these candidate genes,
TMEM263, encodes a poorly characterized plasma membrane protein. Single nucleotide polymor-
phisms in TMEM263 are associated with bone mineral density in humans and mutations are associ-
ated with dwarfism in chicken and severe skeletal dysplasia in at least one human fetus. Whether this
genotype-phenotype relationship is causal, however, remains unclear. Here, we determine whether
and how TMEM263 is required for postnatal growth. Deletion of the Tmem263 gene in mice causes
severe postnatal growth failure, proportional dwarfism, and impaired skeletal acquisition. Mice
lacking Tmem263 show no differences in body weight within the first 2 weeks of postnatal life.
However, by P21 there is a dramatic growth deficit due to a disrupted growth hormone (GH)/insulin-
like growth factor 1 (IGF-1) axis, which is critical for longitudinal bone growth. Tmem263-null mice
have low circulating IGF-1 levels and pronounced reductions in bone mass and growth plate length.
The low serum IGF-1 in Tmem263-null mice is associated with reduced hepatic GH receptor (GHR)
expression and GH-induced JAK2/STAT5 signaling. A deficit in GH signaling dramatically alters
GH-regulated genes and feminizes the liver transcriptome of Tmem263-null male mice, with their
expression profile resembling wild-type female, hypophysectomized male, and Stat5b-null male
mice. Collectively, our data validates the causal role for Tmem263 in regulating postnatal growth
and raises the possibility that rare mutations or variants of TMEM263 may potentially cause GH
insensitivity and impair linear growth.

elLife assessment

This study discloses important physiological function for TMEM63 in regulating postnatal growth
in mice. The data supporting the impaired body growth and skeletal phenotype as well as
disrupted growth hormone/insulin-like growth factor-I (GH/IGF-I) signaling in TMEM63 knockout
mice are compelling. However, to establish that alteration of hepatic GH/IGF-I signaling is the
cause for observed growth and skeletal phenotype in TMEMé63 knockout mice would need addi-
tional work.
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Introduction

Skeletal development, growth, and the maintenance of tissue structure and mass across the lifespan
are regulated by complex interactions between genetics and environment. A better understanding of
these interactions and how they influence the function of cells responsible for skeletal homeostasis will
provide actionable targets to mitigate skeletal disease. In exploring the heritability of bone growth
and mass, genome-wide association studies (GWAS) have identified a large number of potential
genes associated with bone mineral density (BMD) (Estrada et al., 2012; Kemp et al., 2017), bone
structure (Zhao et al., 2010; Styrkarsdottir et al., 2019), and height (Chan et al., 2015). However,
it remains a daunting challenge to prioritize and establish the causal role for these candidate genes.
Consequently, only a limited number of the GWAS candidate genes have been functionally validated
to play a causal role.

TMEM263, also referred to as C120rf23, was identified through associations between femoral
neck BMD and heel bone BMD (Estrada et al., 2012, Kemp et al., 2017). Its function is unknown,
but subsequent gene network analysis placed TMEM263 in a module related to osteoblast function
(Calabrese et al., 2017). Intriguingly, a nonsense mutation (Trp59*) that truncates the TMEM263
protein is linked to dwarfism in chicken (Wu et al., 2018), although it is unclear if this mutation directly
causes dwarfism. More recently, a two nucleotide deletion that causes a frameshift and premature
termination in TMEM263 was implicated as a candidate gene for a severe case of autosomal-recessive
skeletal dysplasia in a fetus (Mohajeri et al., 2021). Apart from this limited information, little is known
about TMEM263 and its function.

It is known that the growth hormone (GH) and insulin-like growth factor 1 (IGF-1) axis plays a critical
and essential role in postnatal growth (David et al., 2011; Efstratiadis, 1998; Savage et al., 2011,
Rosenfeld et al., 2007; Rosenfeld et al., 1994; Qian et al., 2022). Defect in any component of this
axis causes a variable spectrum (modest to severe) of growth retardation and skeletal dysplasia in
humans and in animal models (Lupu et al., 2001; Zhou et al., 1997, Baker et al., 1993, Liu et al.,
1993; Davey et al., 1999b; Kofoed et al., 2003; Udy et al., 1997, Hwa et al., 2007, Klammt et al.,
2018; Godowski et al., 1989, Woods et al., 1996; Abuzzahab et al., 2003; Lanning and Carter-Su,
2006). Since mutation in TMEM263 is linked to human skeletal dysplasia and dwarfism in chicken, and
TMEM263 is also a GWAS candidate gene for BMD, we speculated that TMEM263 may be a novel
regulator of the GH/IGF-1 axis. We therefore set out to test this hypothesis using a genetic approach.

We showed here that Tmem263 is not required for embryonic development, prenatal growth, and
fertility. However, mice lacking Tmem263 exhibit growth arrest and have severe reduction in bone
mass and growth plate length. We further showed that these defects are due to a marked reduction
in GH receptor (Ghr) mRNA and protein expression in the liver. This resulted in greatly diminished
GH-induced JAK2/STATS signaling critical for IGF-1 synthesis and secretion by the liver. Consequently,
Tmem263 knockout (KO) mice had low circulating IGF-1 and IGF binding protein 3 (IGFBP3), leading
to dramatic postnatal growth failure and skeletal dysplasia. Our loss-of-function studies have provided
direct evidence that Tmem263 is a causal gene affecting BMD and postnatal growth, and it does so
by regulating the GH/IGF-1 axis, specifically hepatic GHR protein levels. The GH insensitivity (GHI)
phenotype seen in Tmem263-KO mice raises the intriguing possibility that rare TMEM263 mutations
or variants may potentially disrupt postnatal linear growth due to deficiency in GHR signaling.

Results

TMEM263 is a conserved and widely expressed plasma membrane
protein

The human TMEM263 gene encodes a small protein of 116 amino acids with two predicted transmem-
brane helices (Figure 1A). It is highly conserved across vertebrate species, with the fish (Danio rerio),
frog (Xenopus tropicalis), chicken (Gallus gallus), and mouse (Mus musculus) orthologs sharing 73,
77, 90, and 97% amino acid identity with the full-length human TMEM263. In humans, the TMEM263
transcript is widely and variably expressed across tissues (Figure 1B), with liver having the highest
expression. The expression data is based on the consensus dataset of normalized expression (nTPM)
levels across tissues by combining the Human Protein Atlas (HPA) (Uhlén et al., 2015) and Gene-
Tissue Expression (GTEx) transcriptomics datasets (The Gtex Consortium, 2015). Reflecting the tran-
script expression profile, human TMEM263 protein is also widely expressed (https://www.proteinatlas.
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Figure 1. TMEM263 is a novel and highly conserved plasma membrane protein. (A) Sequence alignment of full-length human (NP_689474), mouse
(NP_001013046), chicken (NP_001006244), Xenopus frog (NP_989399), and zebrafish (NP_998306) transmembrane protein 263 (TMEM263) using Clustal-
omega (Sievers and Higgins, 2018). |dentical amino acids are shaded black and similar amino acids are shaded gray. Gaps are indicated by dash

lines. The two predicted transmembrane domains are indicated in red. (B) TMEMZ263 expression across normal human tissues based on the consensus
Human Protein Atlas (HPA) and Gene-Tissue Expression (GTEx) datasets. The data can be accessed via the HPA database (https://www.proteinatlas.org).
nTPM denotes normalized protein-coding transcripts per million and it corresponds to the mean values of the different individual samples from each
tissue. Bars are color-coded based on tissue groups with functional features in common. (C) Tmem263 expression across mouse tissues (n=11). Relative

Figure 1 continued on next page
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Figure 1 continued

expression across tissues were first normalized to B-actin, then normalize to the tissue (pancreas) with the lowest expression. (D) Immunoblot analysis
of cell lysate from HEK293 cells transfected with a control pCDNA3 empty plasmid or plasmid encoding human TMEM243 tagged with a C-terminal
Myc-DDK epitope. Immunoblots were probed with an anti-FLAG (DDK) antibody (left panel) or an anti-TMEMZ263 antibody (right panel). (E) TMEM263
is localized to the plasma membrane. Surface biotinylation was carried out on transfected HEK293 cells. Biotinylated plasma membrane proteins were
captured with Avidin-agarose beads, eluted, and immunoblotted for TMEM263 with an anti-FLAG antibody.

The online version of this article includes the following source data for figure 1:
Source data 1. Top left — Original uncropped membrane from imager showing blue channel only as a black and white image.

Source data 2. Left — Original uncropped membrane from imager showing blue channel only as a black and white image.

org) (Uhlén et al., 2015). The mouse Tmem263 is also variably and widely expressed across tissues
(Figure 1C).

Human TMEM263 protein is ~20 kDa in size when expressed in mammalian HEK293 cells
(Figure 1D). The presence of two putative hydrophobic segments suggests that TMEM263 may be
an integral membrane protein. However, different transmembrane prediction programs have given
inconsistent results. To experimentally determine whether human TMEM263 is a membrane protein
localized to the cell surface or other intracellular membrane compartments, we performed surface
biotinylation followed by streptavidin pull-down and immunoblot analysis. The cell-impermeable
biotinylation reagent labeled only proteins on the surface of intact cells. This analysis showed that
TMEMZ263 is localized to the plasma membrane when expressed in HEK293 cells (Figure 1E).

Tmem263 is not required for development and prenatal growth

A genetic approach was used to determine the in vivo function of Tmem263. The mouse Tmem263
gene (NM_001013028) consists of three exons, and exon 3 encodes ~81% of the full-length protein.
To generate a loss-of-function mouse model, we used CRISPR/Cas? method to delete the entire
protein-coding portion of exon 3, thus ensuring a complete null allele (Figure 2A). We performed
genomic PCR and DNA sequencing to confirm the genotype and deletion of the Tmem263 gene
(Figure 2A-B). As expected, deletion of the Tmem263 gene resulted in complete absence of the
transcript in liver and hypothalamus (Figure 2C).

The genotype distribution of 82 pups at postnatal day 1 (P1) largely conformed to the expected
Mendelian ratio for wild-type (WT) (+/+), heterozygous (+/-), and KO (-/-) mice (Figure 2D), indicating
that Tmem263 is not required for embryonic development. Loss of Tmem263 did not affect suckling
at P1, as the milk spot was clearly visible in Tmem263-KO pups (Figure 2E). No gross anatomical
abnormalities in the axial skeleton, appendages, and cartilage were noted in Tmem263-KO pups at
P1, indicating that Tmem263-KO mice were born normal (Figure 2F). The birth weights of pups at P1
were also not different between genotypes (Figure 2G). Together, these data indicate that Tmem263
is not required for embryonic development and prenatal growth.

Tmem263 deletion causes severe postnatal growth retardation

From P1 to P14, the weights of Tmem263-KO pups were not different from WT controls (Figure 2G),
indicating no deficit in growth trajectory within the first 2 weeks of life. However, before and around
the time of weaning at P21 when mice started to experience an accelerated growth spurt, coincident
with the initiation of GH action (Lupu et al., 2001), clear differences in body weight were noted
in Tmem263-KO mice relative to WT (+/+) and heterozygous (+/-) controls (Figure 2G). By adult-
hood (8 weeks of age), a severe growth failure phenotype was apparent in the Tmem263-KO mice
(Figure 2H).

Both male and female KO mice exhibited the same striking degree of dwarfism, with body weight
and body length dramatically reduced relative to WT controls (Figure 2I-K). Due to their small
size, the organ weights (liver, pancreas, heart, kidney, spleen, gastrocnemius, and brain) of the KO
mice were also significantly lower relative to WT controls (Figure 2—figure supplement 1). When
normalized to their body weight, Tmem263-KO mice also had lower relative weights of liver (male
only), spleen (male only), and skeletal muscle (gastrocnemius) and higher kidney and brain weight
(Figure 2—figure supplement 1). Partial loss of Tmem263 did not result in haploid insufficiency,
as the heterozygous (+/-) mice were indistinguishable from WT littermates across all measured
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Figure 2. Deletion of Tmem263 gene causes dwarfism. (A) Generation of Tmem263 knockout (KO) mice. The exon 3 that encodes ~81% of the full-
length protein was deleted using CRISPR/Cas9 method and confirmed with DNA sequencing. The location and sequence of the two guide RNAs
(gRNA) used to generate the deletion were underlined. Filled-in black boxes indicate part of the exon that codes for Tmem263 protein, and white
boxes indicate part of the exon that codes for 5" and 3" UTR of the transcript. (B) Wild-type (WT) and KO alleles were confirmed by PCR genotyping.

Figure 2 continued on next page
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Figure 2 continued

(C) The complete loss of Tmem263 transcript in KO mice was confirmed by gPCR in male and female mouse liver and hypothalamus (WT, n=6-8; KO,
n=6-8). (D) The expected Mendelian versus observed genotype distributions in postnatal day 1 (P1) pups (n=82). (E) Representative images of WT

and Tmem263-KO pups at P1. Milk spots are indicated by a red arrow. (F) Representative Alcian blue and Alizarin red staining of axial skeletal and
cartilage in WT and KO P1 pups. (G) Body weights of WT and Tmem263-KO pups at P1 (WT = 17; Het = 42, KO = 23), P7 (WT = 15; het = 28; KO =

5), P14 (WT = 16; het = 34; KO = 4), and P21 (WT = 33; het = 41; KO = 13). For panel G, we combined the data of male and female pups from P1 to
P21. (H) Representative images of adult WT and Tmem263-KO mice at 9 weeks of age. (I-J) Body weights and body length of WT (+/+), heterozygous
(+/-), and KO (-/-) male and female mice at 9 weeks of age. Sample size for males (WT = 45; het = 73; KO = 9) and females (WT = 30; het = 59; KO = 8).
(K) The growth curve trajectory based on the combined data in G and I. All data are presented as mean + SEM. ****p<0.0001 (one-way ANOVA with
Tukey's multiple comparisons test).

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Absolute and relative tissue and organ weights of TmemZ263 wild-type (WT) (+/+), heterozygous (+/-), and knockout (KO) (-/-)
male and female mice.

parameters. Both male and female Tmem263-KO mice were fertile, as indicated by viable mouse
litters derived from multiple independent matings between male (-/-) and female (-/-) mice. The litter
size in general was ~30-40% smaller, though this observation was based only on a limited number of
litters produced. The smaller litter size might reflect potential constrains imposed by the size of the
KO dam. Mice born from homozygous KO (-/-) parents appeared largely normal with no gross physical
or behavioral abnormalities noted except their pronounced dwarfism. Together, these data indicate
that Tmem263 is required for postnatal growth and its absence causes postnatal growth retardation.

Pronounced skeletal dysplasia in Tmem263-null mice

In accordance with postnatal growth failure, adult Tmem263-KO mice had much shorter femoral
bones compared to WT and heterozygous controls (Figure 3A-B). Quantification of various bone
parameters in the distal femur indicated a marked reduction in trabecular bone volume, trabecular
number, trabecular bone thickness, cortical tissue area, and cortical thickness in Tmem263-KO rela-
tive to WT and heterozygous mice (Figure 3C-H, regions of interest [ROI] for both trabecular and
cortical bone analysis were adjusted in proportion to the length of bone, see Materials and methods).
However, normalization of cortical tissue area and cortical thickness to femur length indicated that
skeletal geometry was proportional to that in WT littermates (Figure 3I-J). Histological analysis
revealed a much thinner growth plate in Tmem263-KO mice (Figure 3K). Examination of growth plate
morphology in the proximal tibia revealed a reduction in total growth plate length that was secondary
to reductions in proliferative zone length in Tmem263-KO mice relative to WT controls (Figure 3L-M).
The hypertrophic zone length was not different between genotypes (Figure 3N). Together, these data
indicate that Tmem263 deficiency severely affects postnatal skeletal growth and acquisition.

Tmem263-null mice have low IGF-1, IGFBP3, and IGFALS levels

The GH/IGF-1 axis plays an essential role in postnatal growth and its deficiency results in growth
failure (David et al., 2011; Savage et al., 2011; Hwa et al., 2021). The growth retardation and skel-
etal dysplasia phenotypes seen in Tmem263-KO mice strongly suggest a potential deficit in the GH/
IGF-1 axis. Tmem263-KO mice had a marginal, though not significant, increase in serum GH compared
to WT controls (Figure 4A). However, serum IGF-1, IGFBP3, and IGF acid labile subunit (IGFALS) levels
were markedly lower in Tmem263-KO mice relative to WT controls (Figure 4B-D). Serum insulin levels
were significantly lower in KO female mice and trended lower in KO male mice relative to WT controls
(Figure 4E). Random-fed blood glucose levels, however, were significantly lower in Tmem263-KO
mice (Figure 4F). The combination of lower insulin and blood glucose levels suggests enhanced
insulin sensitivity. These clinical features are also commonly seen in patients with GHR mutations
(Savage et al., 2011). Given the bone phenotype seen in the Tmem263-KO mice, we also measured
serum Ca?* and phosphate levels. While serum Ca?* levels were reduced in Tmem263-KO mice, serum
phosphate levels and the Ca®'/P ratio were not different between genotypes (Figure 4G-I). Together,
these data indicate that low IGF-1, IGFBP3, and IGFALS levels likely contribute to growth retardation
and skeletal dysplasia in Tmem263-KO mice.
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Figure 3. Mice lacking TMEM263 exhibit pronounced skeletal dysplasia. (A) Representative microCT images of bone (femur) showing a dramatic
reduction in size in Tmem263 knockout (KO) (-/-) mice relative to wild-type (WT) (+/+) and heterozygous (+/-) controls at 8 weeks of age. (B) Femur
length of WT (+/+), heterozygous (+/-), and KO (-/-) male and female mice at 8 weeks of age. (C) Quantification of trabecular bone volume per tissue
volume (BV/TV) in the distal femur of WT (+/+), heterozygous (+/-), and KO (-/-) male and female mice. (D) Quantification of trabecular number (Tb. N) in

Figure 3 continued on next page
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Figure 3 continued

the distal femur. (E) Trabecular bone thickness (Tb. Th). (F) Cortical tissue area (Tt. Ar). (G) Cortical area per tissue area. (H) Cortical thickness. (I) Tissue
area per femur length. (J) Cortical thickness per femur length in male and female mice. (K) Representative images of tibial growth plate histology in

WT and Tmem263-KO male mice. (L-N) Quantification of growth plate length (L), proliferative zone length (M), and hypertrophic zone length (N) in WT
(n=10) and KO (n=10) male mice. All data were collected on 8-week-old mice. Sample size for panels B-J: males (WT = 6; het = 6; KO = 11) and females
(WT = 6; het = 6; KO = 9). All data are mean + SE. **p<0.01; ***p<0.001; ****p<0.0001 (one-way ANOVA with Tukey’s multiple comparisons test).

Tmem263-null mice have a marked deficit in hepatic GHR expression
and signaling
The GH/IGF-1 axis (Figure 5A) required for postnatal growth consists of (i) hypothalamic GH releasing
hormone which induces pituitary GH release; (ii) secreted GH then binds to and activates GHR in
the liver, bone, and other peripheral tissues to induce the synthesis and secretion of IGF-1; (iii) the
direct effects of GH on bone, together with the endocrine and autocrine/paracrine actions of IGF-1,
promote longitudinal bone growth (Lupu et al., 2001; Ohlsson et al., 2009, Stratikopoulos et al.,
2008; Wu et al., 2009). A majority (~75%) of the circulating IGF-1 is secreted by the liver (Ohlsson
et al., 2009). Because Tmem263-KO mice had normal to marginally higher GH but low IGF-1 and
IGFBP3 levels, the GH/IGF-1 axis is likely disrupted at the liver. Indeed, the expression of Ghr, Igf1,
and Igfals (IGF binding protein acid labile subunit) transcripts was significantly reduced (~4-fold) in the
liver of Tmem263-KO mice relative to WT controls (Figure 5B). The expression of Igfbp3, however,
was not different between genotypes. Consistent with the mRNA data, the hepatic GHR protein level
was similarly and greatly reduced in Tmem263-KO mice compared to WT controls (Figure 5C-D).
Reduced Ghr transcript and protein expression would diminish the magnitude of GH-induced
signaling, resulting in GHI. To test this, mice were injected with recombinant GH and GH-induced
signaling in liver was assessed. Janus kinase 2 (JAK2) and signal transducer and activator of tran-
scription 5b (STAT5b) phosphorylation are the key essential signaling events downstream of the
GHR (Lanning and Carter-Su, 2006; Rosenfeld and Hwa, 2009). At baseline when mice were not
injected with GH, there were no detectable phospho-Jak2 and phopho-Stat5b signals (Figure 5E). In
contrast, WT male mice injected with GH showed a robust GH-stimulated phosphorylation of Jak2
and Stat5b (Figure 5F). Relative to WT controls, GH injection elicited a greatly diminished response
in Tmem263-KO mice, as indicated by the much lower magnitude (~60-80% reduction) of Jak2 and
Stat5b phosphorylation relative to WT controls (Figure 5F-G). Together, these data point to reduced
hepatic GHR expression and GHI as potentially contributing to growth failure and skeletal dysplasia
seen in the Tmem263-KO animals.

Loss of Tmem263 dramatically affects GH-regulated genes in the liver
Based on our current data and what is known in the literature (Clodfelter et al., 2006; Holloway
et al., 2007), impaired GH signaling results in widespread changes in the GH-regulated liver transcrip-
tome of Tmem263-KO male mice. Indeed, 8.6% of the liver transcriptome in Tmem263-KO male mice
were significantly altered relative to WT controls, with 1547 protein-coding genes up-regulated and
862 protein-coding genes down-regulated (Figure 6A). Among the major classes of genes and path-
ways most affected by the loss of Tmem263 are those that involved in lipid and steroid metabolism,
detoxification process, and xenobiotic handling (Figure 6B); all of the affected genes and pathways
are known to be markedly altered in male mice in which GH signaling is disrupted due to Stat5b defi-
ciency or an altered GH secretory profile (i.e. loss of pulsatile release of GH) (Udy et al., 1997; Clod-
felter et al., 2006; Holloway et al., 2007; Davey et al., 1999a; Holloway et al., 2006; Lau-Corona
et al., 2017; Waxman et al., 1991).

It is well known that GH and its distinct secretory profiles (continuous in females vs. intermittent in
males) plays a critical role in establishing and maintaining sexually dimorphic gene expression in the
liver of male versus female mice (Lau-Corona et al., 2017, Waxman et al., 1991, Zhang et al., 2012,
Waxman and O’Connor, 2006; Norstedt and Palmiter, 1984). In male mice, when GH signaling
or secretory profile is disrupted, the expression of male-bias genes is dramatically suppressed and,
concomitantly, the expression of female-bias genes are up-regulated due to their de-repression in
male mice (Lau-Corona et al., 2017, Waxman and O’Connor, 2006; Chia, 2014). This is thought
to be the result of altered male-bias (e.g. Bcl6) and female-bias (e.g. Cux2) transcription factor
expression that reciprocally regulates the hepatic expression of sex-bias genes in male and female
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Figure 4. TMEM263 deficiency results in marked reduction in circulating insulin-like growth factor 1 (IGF-1), IGF binding protein 3 (IGFBP3), and IGF
acid labile subunit (IGFALS) levels. Serum levels of growth hormone (GH; A), IGF-1 (B), IGFBP3 (C), IGFALS (D), insulin (E), glucose (F), calcium (G), and
phosphate (H) in wild-type (WT) (+/+), heterozygous (+/-), and TmemZ263-KO (-/-) male and female mice at 8 weeks of age. Sample size for panel A (GH):
males (WT = 9; het = 9; KO = 5) and females (WT = 10; het = 7; KO = 8). Panel B (IGF-1): males (WT = 9; het = 9; KO = 9) and females (WT = 10; het = 7;
KO = 7). Panel C (IGFBP3): males (WT = 15; het = 16; KO = 11) and females (WT = 12; het = 18; KO = 10). Panel D (IGFALS): males (WT = 10; het = 10;
KO = 8) and females (WT = 10; het = 10; KO = 8). Panel E (insulin): males (WT = 12; het = 17; KO = 8) and females (WT = 10; het = 16; KO = 8). Panel F
(glucose): males (WT = 9; het = 14; KO = 9) and females (WT = 6; het = 15; KO = 8). Panel G and H (calcium and phosphate): males (WT = 10; het = 10;
KO = 8) and females (WT = 10; het = 10; KO = 8). (I) Ratio of calcium-to-phosphate in WT, heterozygous, and KO male and female mice. Sample size

for males (WT = 10; het = 10; KO = 8) and females (WT = 10; het = 10; KO = 8). All data are presented as mean + SEM. *p<0.05; **p<0.01; ***p<0.001;
***%5<0.0001 (one-way ANOVA with Tukey's multiple comparisons test).

mice (Conforto et al., 2012; Sugathan and Waxman, 2013; Meyer et al., 2009). In male mice with
disrupted GH signaling, Bclé expression is suppressed and Cux2 expression is markedly up-regulated,
leading to transcriptional repression of male-bias genes and up-regulation of female-bias genes in the
male liver (Lau-Corona et al., 2017). Remarkably, Cux2 was one of the most up-regulated genes in
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Figure 5. Reduced hepatic growth hormone receptor (GHR) protein level and signaling in TMEM263 knockout (KO) mice. (A) The growth hormone
(GH)/insulin-like growth factor 1 (IGF-1) axis required for postnatal skeletal growth. At the onset of growth spurt, growth hormone releasing hormone
(GHRH) from the hypothalamus causes the release of GH from the anterior pituitary. Circulating GH binds to its receptor (GHR) in liver and other
peripheral tissues to induce the synthesis and secretion of IGF-1, which then acts in an endocrine, paracrine, and/or autocrine manner to induce
skeletal growth. (B) Expression levels of Ghr (growth hormone receptor), Igf1, Igfals (IGF binding protein acid labile subunit), and Igfbp3 (IGF binding

protein 3) transcripts in the liver of wild-type (WT) and KO mice. Sample size of male mice (WT, n=8; KO, n=

8) and female mice (WT, n=8; KO,

n=8). (C) Immunoblot analysis of GHR protein levels in the liver of WT (n=7) and KO (n=7) mice. Molecular weight markers are indicated on the left.

(D) Quantification of the immunoblot results as shown in C (n=7 per genotype). (E-

F) Reduced hepatic GH-induced signaling in KO (-/-; n=5) mice

relative to WT (+/+; n=4) controls. Immunoblot analysis of phospho-JAK2 (Tyr1008), total JAK2, phospho-STAT5 (Y694), and total STATS in liver lysates
from control male mice not injected with GH (E) and male mice injected with recombinant GH (F). Molecular weight markers are indicated on the left of
the gel. (G) Quantification of the immunoblot results as shown in F (WT, n=4; KO, n=5). All data are presented as mean = SEM. **p<0.01; ***p<0.001;
****5<0.0001 (one-way ANOVA with Tukey’s multiple comparisons test for data in B and two-tailed Student’s t-test for data in D and F).

Figure 5 continued on next page
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Figure 5 continued

The online version of this article includes the following source data for figure 5:

Source data 1. Top left — Original uncropped membrane from imager showing blue channel only as a black and white image.
Source data 2. Top left — Original uncropped membrane from imager showing blue channel only as a black and white image.

Source data 3. Top left — Original uncropped membrane from imager showing blue channel only as a black and white image.

general and was the most up-regulated transcription factor gene in the liver of Tmem263-KO male
mice (Figure 6C). The expression of Bclé, a male-bias transcription factor gene, was also significantly
down-regulated in the KO male liver (Figure 6C). Consequently, all the well-known GH-regulated
male-bias genes (growth and metabolism, cytochrome P450, and major urinary protein) were dramati-
cally suppressed due to greatly diminished GH signaling, whereas the female-bias genes (e.g. distinct
set of cytochrome P450) were concomitantly and markedly up-regulated due to Cux2 overexpression
in the male KO liver (Figure 6D-F).

To further demonstrate the feminization of the liver transcriptome of Tmem263-KO male mice, we
compared our liver DEGs to three published datasets of mouse liver gene expression: (i) WT male vs
female mice (Conforto et al., 2012), (ii) hypophysectomized vs sham control male mice (Wauthier
et al., 2010), and (iii) Stat5b-KO vs WT male mice (Clodfelter et al., 2006). Overlap analysis was
conducted to determine which DEGs are shared among these three groups and the Tmem263-KO
male liver (Figure 6G-I). A complete list of all Tmem263-KO male liver DEGs that are also a DEG
in at least one of the three published datasets is provided (Figure 6—figure supplement 1). When
compared to WT male vs female liver data, Tmem263-KO male mice down-regulate 110 genes consid-
ered to be male-specific and up-regulate 174 genes considered to be female-specific (Figure 6G).
This indicates in the male mouse, loss of Tmem263 results in a high degree of liver transcript feminiza-
tion, a phenomenon usually prevented by normal GH signaling in male liver (Lau-Corona et al., 2017,
Waxman et al., 1991; Zhang et al., 2012; Waxman and O’Connor, 2006; Norstedt and Palmiter,
1984). When compared to the DEG list of hypophysectomized male mouse liver — which lacks pitu-
itary hormones (including GH) due to surgical removal of the pituitary gland - Tmem263-KO male
liver displays 176 shared up-regulated genes and 128 shared down-regulated genes (Figure 6H). The
high overlap of liver DEGs between Tmem263-KO and hypophysectomized male mice with a deficit
in GH further suggests that Tmem263 deficiency disrupts GH action in the liver. Lastly, Tmem263-KO
male mouse liver DEGs were compared to those of Stat5b-KO male mice (Figure 6I), which exhibit
dwarfism and GH pulse resistance (Udy et al., 1997). We again observed a high degree of overlap
between the two KO mouse models, as Tmem263-KO male liver shares 78 up-regulated and 91 down-
regulated DEGs with Stat5b-KO male liver.

Altogether, these transcriptomic data provide supporting evidence that the underlying cause of the
severe growth retardation and skeletal dysplasia seen in Tmem263-KO mice is most likely attributed
to disrupted GH signaling in the liver and possibly other organs such as the bone (Figure 6J).

Discussion

TMEMZ263 is a GWAS candidate gene associated with BMD (Calabrese et al., 2017). In this study,
we used a genetic approach to functionally validate its causal role in postnatal growth. Mice lacking
Tmem263 showed severe postnatal growth failure and had dramatically reduced bone volume and
growth plate length. This phenotype is likely due to a disrupted GH/IGF-1 axis stemming from hepatic
GHI and low IGF-1 production. This is the first study documenting the physiological function of this
enigmatic, but highly conserved, membrane protein.

Since Laron'’s first description of dwarfism in humans due to defects in the GHR (Eshet et al., 1984;
Laron, 2004; Laron et al., 1966), an enormous amount of progress has been made to understand
how GH and IGF-1, as well as their binding proteins, receptors, and signaling pathways, contribute
to linear growth (David et al., 2011, Savage et al., 2011, Lanning and Carter-Su, 2006; Hwa et al.,
2021). In humans and animal models, defects in any component of the GH/IGF-1 axis leads to a
variable severity of postnatal growth failure (short stature) and skeletal dysplasia. These include the
initial discoveries of human mutations in GH (Takahashi et al., 1996; Takahashi et al., 1997; Besson
et al., 2005), GHR (Godowski et al., 1989; Amselem et al., 1989; Amselem et al., 1991, Berg et al.,
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Figure 6. Loss of TMEM263 disrupts growth hormone (GH)-regulated gene expression in the male mouse liver. (A) Volcano plot of male mouse liver
transcriptome. (B) Enrichment analysis of differentially expressed genes (DEGs) by Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes
(KEGG), and Reactome (http://www.reactome.org) databases. Plots of -Log(adj. p) vs gene ratio to show complete spread of all enrichment results
for each analysis. The most effected categories are highlighted and labeled with the category name and number of up- and down-regulated genes

Figure 6 continued on next page
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Figure é continued

within each. (C) Volcano plot showing the expression of all transcription factor (TF) genes detected in the male mouse liver transcriptome. TFs that

are significantly up- or down-regulated in knockout (KO) male mouse liver are highlighted. (D) Heat map of DEGs involved in growth and metabolism.
(E) Heat map of all protein-coding DEGs from the cytochrome P450 (Cyp) gene family. (F) Heat map of all protein-coding DEGs from the major urinary
protein (Mup) gene family. (G-I) Tmem263-KO male liver DEG overlap comparison to three separate public datasets of mouse liver gene expression:
(G) wild-type (WT) male vs. WT female mice (Conforto et al., 2012), (H) hypophysectomized vs. sham control male mice (Wauthier et al., 2010), and
(I) Stat5b-KO vs WT male mice (Clodfelter et al., 2006). (J) Summary of key findings underpinning the dwarfism and skeletal dysplasia phenotypes of
Tmem?263-null mice. All heat map data is shown on a column z-score scale. Only significantly different genes (adjusted p-value <0.05 and Log,(FC) <-1
or >1) are shown for all heat maps. PCG = protein-coding gene, NPCG = non-protein-coding gene. Sample size for male WT (n=8) and KO (n=8) mice
(9-week-old) in all data shown.

The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. All Tmem263 knockout (KO) male mouse liver (263-/-) differentially expressed genes (DEGs) expressed by at least one other
mouse model for comparison.

1993), IGF-1 (Woods et al., 1996), IGF-1 receptor (Abuzzahab et al., 2003, Kawashima et al., 2005;
Inagaki et al., 2007), STAT5b (Kofoed et al., 2003; Hwa et al., 2005, Vidarsdottir et al., 2006),
IGFALS (Domené et al., 2004, Domené et al., 2007), protein tyrosine phosphatase non-receptor type
11 (PTPN11/SHP-2) (Tartaglia et al., 2001; Binder et al., 2005), and pregnancy-associated plasma
protein 2A (PAPPA2) (Dauber et al., 2016). The direct causal roles for these genes in regulating
growth and skeletal acquisition have also been independently confirmed in genetic mouse models
lacking one or more components of the GH/IGF-1 axis (Efstratiadis, 1998; Qian et al., 2022, Lupu
et al., 2001; Baker et al., 1993; Liu et al., 1993). Because IGF-1 expression and secretion is directly
requlated by GH (Chia et al., 2010; Woelfle et al., 2003a; Woelfle et al., 2003b), defects in the GH/
IGF-1 axis would result in GHI, highlighted by the failure of endogenous or exogenously derived GH
to elevate plasma IGF-1 levels (David et al., 2011; Savage et al., 2011, Hwa et al., 2021). In the
clinical context, the cardinal biochemical features of GHI states are low circulating IGF-1 and normal
or increased GH levels (David et al., 2011; Savage et al., 2011).

Interestingly, Tmem263-KO mice exhibited phenotypes closely resembling Ghr and Igf1 KO mice
(Lupu et al., 2001; Zhou et al., 1997, Baker et al., 1993) and humans with GHI. The main defect
leading to the shortening of the growth plate in Tmem263-KO mice is decreased in the size of the
proliferative zone, which was also reported in Ghr KO mice (Sims et al., 2000). Moreover, the dwarf
Tmem263-KO mice had normal to marginally higher serum GH, but low IGF-1, IGFBP3, and IGFALS
levels, which is also the case in Ghr KOs (Zhou et al., 1997). The critical proximal signaling events acti-
vated by GH binding to the GHR involves JAK2 kinase and the transcription factor STAT5b (Lanning
and Carter-Su, 2006). Failure of STAT5b to bind to the cytoplasmic tails of the GHR due to a truncation
mutation also leads to growth failure and a GHI state (Milward et al., 2004). In Tmem263-KO male
mice, GH injection elicited a greatly muted JAK2/STATS signaling response relative to WT controls.
GH is known to play an important role in regulating sex-dependent gene expression in liver, and a
deficit in GH action results in the feminization of the male liver transcriptome (Lau-Corona et al., 2017,
Waxman et al., 1991; Zhang et al., 2012; Waxman and O’Connor, 2006; Norstedt and Palmiter,
1984). Due to reduced hepatic GH signaling, the liver gene expression profile of Tmem263-KO male
mice resembled that of WT female, hypophysectamized male, and Stat5b-KO male mice. This combi-
nation of phenotypes, along with a marked deficit in bone growth and dwarfism, suggests a likely
defect in GHR signaling in Tmem263-KO mice. However, future mechanistic studies are needed to
definitively establish the causal link between impaired GH/IGF-1 signaling and defect in skeletal acqui-
sition and growth in Tmem263-KO mice.

What is the possible cause of GHI seen in Tmem263-KO mice? One explanation is the striking
reduction in hepatic Ghr protein level induced by the loss of Tmem263. Because we also observed
reduced expression of hepatic Ghr transcript, the decrease in Ghr protein level reflects, at least in
part, lower transcription of the Ghr gene. Although reduced transcription could decrease Ghr mRNA
level, other possible mechanisms could potentially contribute to the reduced Ghr transcript level as
well; these include altered mRNA splicing, polyA adenylation, mRNA export, and mRNA stability. How
a deficiency in Tmem263, a putative plasma membrane protein, led to altered hepatic Ghr transcript
and protein level is presently unknown, and is a major limitation of the current study. We cannot,
however, exclude the possibility that Tmem263 plays a posttranscriptional role in Ghr processing,
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stability, turnover, trafficking, and/or signaling. Trafficking defect in GHR has been previously docu-
mented, where mutations located at the extracellular domain of the GHR failed to localize to the
plasma membrane when expressed in cultured cells (Duquesnoy et al., 1991, Maamra et al., 2006;
Fang et al., 2008). Whether these mutations affect protein folding and/or a transport signal recog-
nized by another protein has not been established. One important question to address is whether
TMEMZ263 physically interacts with GHR along the secretory pathway or on the plasma membrane
of hepatocytes. If such physical association exists, it might provide mechanistic insights into how
TMEM263 regulates GHR function. Since both human and mouse TMEM263 and GHR are widely
expressed across tissues (Ballesteros et al., 2000), as well as being highly expressed in liver (espe-
cially in human), the loss of Tmem263 in the KO mice may have a disproportionate impact on hepatic
Ghr function. The generation and characterization of Tmem263 cell-selective and tissue-specific KO
mouse models will help unravel the impact of this protein across different organ systems.

It is not known whether the dwarf chicken with a loss-of-function mutation in TMEMZ263 is also
insensitive to GH stimulation. To date, there is only one documented case of a loss-of-function muta-
tion in TMEM263, and it was associated with severe skeletal dysplasia in a fetus (Mohajeri et al.,
2021). Because pregnancy was terminated before full term, it is unclear whether this mutation is
compatible with postnatal survival and its impact on the severity of postnatal growth retardation.
Nevertheless, it is tempting to speculate on the possibility that rare homozygous loss-of-function
mutations and variants of TMEM263 may cause Laron-type dwarfism with characteristic GHI.

Intriguingly, only one homozygous missense mutation in the TMEM263 gene has been discovered
thus far from over 141,000 aggregated human exomes and genomes sequenced (Genome Aggre-
gation Database; gnomAD v2.1.1) (Karczewski et al., 2020). Rare heterozygous splice-site, frame-
shift, and nonsense mutations in the TMEM263 gene have also been documented in the gnomAD
database (https://gnomad.broadinstitute.org/). Since the Asp-17 residue is highly conserved from fish
to man, we speculate that the homozygous D17N missense mutation found in 40 individuals (allele
frequency of 0.006795) may impact TMEM263 function and affect postnatal linear growth. It would
be of considerable interest to ascertain whether individuals with the D17N variant have short stature.
Since TMEM263 has not yet been associated with postnatal dwarfism in human, it should be consid-
ered a potential candidate gene in screening children with idiopathic growth failure.

Materials and methods

Source or reference |dentifiers Additional information

Gene (Mus musculus) Tmem?263 GenBank Gene ID: 103266
Tmem?263 knockout (-/-) The mouse line was generated at the Johns
Strain, strain background mouse line; C57BL/6J genetic Hopkins Transgenic Core facility. The mouse
(Mus musculus) background This paper line is available upon request
Human Embryonic Kidney cells
Cell line (Homo sapiens) (HEK 293T) ATCC Cat. #: CRL-3216 Cell line has been authenticated by ATCC
Human TMEM263 expression
Transfected construct plasmid in pCDNA3.1 vector Contains a C-terminal Myc and FLAG epitope
(human) backbone Origene Cat. #: (RC203933)  tag
Anti-FLAG M2 (Mouse
Antibody monoclonal) Sigma Cat. #: F1804 WB (1:1000)
Anti-JAK2 (Mouse monoclonal
Antibody C-10) Santa Cruz Cat. #: sc-390539 WB (1:100)
Anti-STAT5 (Mouse monoclonal
Antibody A-9) Santa Cruz Cat. #: sc-74442 WB (1:100)
Anti-GHR (Mouse monoclonal
Antibody B-12) Santa Cruz Cat. #:5c-137184 WB (1:100)
Anti-phospho-JAK2 (Tyr1008) Cell Signaling
Antibody (Rabbit monoclonal D4A4) Technology Cat. #:5c-137184 WB (1:500)

Continued on next page
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Anti-phospho-STATS (Tyr694) Cell Signaling

Antibody (Rabbit polyclonal) Technology Cat. #:5c-137184 WB (1:500)

Antibody Anti-B-Actin (Mouse monoclonal) Sigma Cat. #: A1978 WB (1:2000)
Anti-TMEM263 (Rabbit

Antibody polyclonal) Origene Cat. #: TA333490 WB (1:1000)

Peptide, recombinant Recombinant human growth

protein hormone PeproTech Cat. #: 100-40 Dose injected into mice (3 pg/g body weight)

Thermo Fisher
Commercial assay or kit Pierce Cell Surface Isolation kit~ Scientific Cat. #: 89881
Commercial assay or kit Insulin ELISA kit Crystal Chem Cat. #: 90080

Commercial assay or kit

Growth hormone (GH) ELISA kit

Millipore Sigma

Cat. #: EZRMGH-45K

Commercial assay or kit

IGF1 ELISA kit

Crystal Chem

Cat. #: 80574

Commercial assay or kit IGFBP3 ELISA kit Abcam Cat. #: ab100692
Cat. #: CSB-
Commercial assay or kit IGFALS ELISA kit Cusabio ELO11094MO
Commercial assay or kit iScript cDNA synthesis kit Bio-Rad Cat. #: 1708891
iTaq Universal SYBR Green
Commercial assay or kit Supermix Bio-Rad Cat. #: 1725124
Thermo Fisher
Chemical compound Trizol Reagent Scientific Cat. #: 15596018

Mouse model

The Tmem263 KO mouse strain was generated at the Johns Hopkins University School of Medicine
Transgenic Core facility. To obtain a Tmem263-null allele, exon 3 that encodes ~81% of the full-length
protein (GenBank # NP_689474) was deleted with the CRISPR/Cas9 method. The deletion encom-
passes amino acid 23-115. The two guide RNAs (QRNA) used were 5'-CTATCATATGTCTCTCATTAG-3’
and 5'-GCCACTGGCATCA TATGCTG-3'. The Tmem263 KO mice were generated and maintained on
a C57BL/6J genetic background. Genotyping primers for Tmem263 WT allele were forward (263-F2)
5'-GCAAGAGCTCCTTACTTAC TCAG-3’ and reverse (263-R1) 5'- GATAAGGGCACTTTGTTTACAACT
G-3'. The size of the WT band was 391 bp. Genotyping primers for the Tmem263 KO allele were
forward (263-F2) 5'-GCAAGAGCTCCTTACTTACTCA G-3' and reverse (263-R2) 5'-TCACCAATACTT
TCAACACAGCAG-3'. The size of the KO band was 218 bp. The GoTaq Green Master Mix (Promega,
M7123) was used for PCR genotyping. The genotyping PCR parameters were as follows: 94°C for
5 min, followed by 10 cycles of (94°C for 10's, 65°C for 15 's, 72°C for 30 s), then 25 cycles of (94°C for
10's, 55°C for 15 s, 72°C for 30 s), and lastly 72°C for 5 min. Genotyping PCR products from WT and
KO mice were excised and confirmed by DNA sequencing. All mice were generated by intercrossing
Tmem263 heterozygous (+/-) mice. Tmem263 WT (+/+), heterozygous (+/-), and KO (-/-) littermates
were housed in polycarbonate cages on a 12 hr light-dark photocycle with ad libitum access to water
and food. Mice were fed a standard chow (Envigo; 2018SX). At termination of the study, all mice
were fasted for 1-2 hr and euthanized. Tissues were collected, snap-frozen in liquid nitrogen, and
kept at =80°C until analysis. All mouse protocols (protocol # MO22M367) were approved by the
Institutional Animal Care and Use Committee of the Johns Hopkins University School of Medicine. All
animal experiments were conducted in accordance with the National Institute of Health guidelines
and followed the standards established by the Animal Welfare Acts.

Expression plasmid and antibodies

Mammalian expression plasmid encoding human TMEM263 with a C-terminal epitope tag (Myc-DDK)
was obtained from Origene (RC203933). Control pCDNA3.1 empty plasmid was obtained from Invi-
trogen. Rabbit polyclonal anti-human C120rf23 (TMEM263) was from Origene (TA333490). Mouse
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monoclonal JAK2 (C-10), STAT5 (A-9), growth hormone receptor (GHR) (B-12) were obtained from
Santa Cruz (sc-390539, sc-74442, and sc-137184, respectively). Rabbit monoclonal antibody against
phospho-JAK2 (Tyr1008)(D4A8) was obtained from Cell Signaling Technology (CST # 8082). Rabbit
polyclonal antibody against phospho-STAT5 (Y694) was obtained from Cell Signaling Technology
(CST#9351). Mouse monoclonal anti-FLAG M2 antibody (F1804) and mouse monoclonal anti-f-actin
antibody (A1978) were obtained from Sigma. HRP-conjugated goat anti-rabbit (CST#7074) and goal
anti-mouse (CST#7076) antibodies were from Cell Signaling Technology.

Cell surface biotinylation

Cell surface proteins from transfected HEK293 cells were biotinylated using the Pierce Cell Surface
Protein Isolation Kit (Thermo Fisher Scientific, cat. #: 89881). Briefly, transfected cells were washed
with ice-cold PBS, then incubated with the cell-impermeable biotinylation reagent (Sulfo-NHS-SS-
Biotin) for 30 min at 4°C to prevent endocytosis. A quenching solution was then used to stop bioti-
nylation. Cells were collected in a clean tube and centrifuged at 500x g for 3 min. The cell pellet
was then lysed with RIPA buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA, 1% Triton X-100, 0.1% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, 140 mM NaCl, 1 mM PMSF) supplemented with protease
inhibitor cocktail (Roche, 11836153001) for 30 min on ice. Cell lysate was then centrifuged at 10,000
x g for 2 min at 4°C and the resultant supernatant was collected. Biotinylated proteins were pulled
down with Pierce NeutrAvidin Agarose (Thermo Fisher Scientific; 29200) at room temperature for 1 hr
mixed end-over-end. Bound proteins were eluted from the agarose by DTT (50 mM, final) and heat
(94°C for 3 min). Fractions of the input cell lysate, flow-through/non-bound solution, and eluate were
used for immunoblot analysis.

Skeletal phenotyping

For Alcian blue/Alizarin red stained whole mounts, skeletal preps were preformed using PO neonates
following established protocols (Rigueur and Lyons, 2014). Briefly, carcasses were macerated by
removing skin, eyes, internal organs, and adipose tissue before dehydrating in 95% ethanol overnight
and then fixing in acetone. Cartilage was stained by submerging in Alcian blue solution overnight
at room temperature. Mineralized tissue was stained by submerging in Alizarin red solution at 4°C
overnight.

For microcomputed tomographic analyses of bone structure, high-resolution images of the mouse
femur were acquired using a desktop microtomographic imaging system (Skyscan 1172, Bruker,
Belgium) in accordance with the recommendation of the American Society for Bone and Mineral
Research (Bouxsein et al., 2010). Samples were scanned with an isotropic voxel size of 10 pm at
65 keV and 153 pA using a 1.0 mm aluminum filter. The resulting images were reconstructed using
NRecon (Bruker). Trabecular bone parameters in the distal femur of control mice were assessed in
an ROI 500 pm proximal to the growth plate and extending for 2 mm, while femoral cortical bone
parameters were assessed in a 500 um ROI centered on the mid-diaphysis. Due to the reduced size
of the Tmem263-KO mice, ROI were adjusted to be proportional for tissue length. Trabecular bone
parameters were assessed in an ROI 300 pm proximal to the growth plate and extending for 1.2 mm;
cortical bone parameters were assessed in a 300 pm ROI centered on the mid-diaphysis.

Growth plate morphology was examined in the proximal tibia. Tibia were dehydrated in graded
alcohol solutions and then embedded in methyl methacrylate. 7 um thin sections were cut with a Leica
HistoCore Automated Rotary microtome (Leica, Wetzlar, Germany) and stained with Goldner’s modi-
fied trichrome. Total growth plate length, as well as the lengths of the hypertrophic and proliferative
zones were measured with Bioquant Image Analysis software (Bioquant, Nashville, TN, USA).

Western blot analysis

Liver protein was isolated using RIPA buffer as previously described (Rodriguez et al., 2016). Liver
protein lysates used for immunoblots were boiled for 5 min in a loading buffer (50 mM Tris, 2% SDS,
1% B-ME, 6% glycerol, 0.01% bromophenol blue). Total protein was quantified by BCA assay (Thermo
Scientific, 23225), loaded in equal amounts and volume, and run on a 7.5% or 10% TGX gel (Bio-Rad,
4561023 and 4561033). Protein was transferred to PVDF membrane (Bio-Rad, 1620177) using the
Trans Blot Turbo system (Bio-Rad) and blocked in PBS containing 0.2% Tween 20 and 5% non-fat milk
for 1 hr, then incubated overnight at 4°C on a shaker with primary antibody. The following primary
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antibodies were used: anti-TMEM263 (1:1000), anti-GH-R (1:100), anti-phospho-JAK2 (Tyr1008)
(1:500), anti-phospho-STAT5 (Y694) (1:500), anti-JAK2 (1:100), anti-JAKS (1:100), anti-B-actin (1:2000).
Blots were washed at least three times (5 min each) with PBS containing 0.2% Tween 20 before
secondary antibody was added. HRP-conjugated anti-rabbit or anti-mouse secondary antibody (1:500
to 1:1000; 1 hr at room temperature) was used to recognize the primary antibody. Blots were washed
at least three times (5 min each) with PBS containing 0.2% Tween 20. Immunoblots were developed
using HRP substrate ECL (GE Healthcare), visualized with a Multilmage Il FluorChem Q (Alpha Inno-
tech), and quantified with ImageJ (Schneider et al., 2012).

GH injection

Recombinant human GH from Peprotech (Cat. #: 100-40; Cranbury, NJ, USA) was reconstituted in PBS
at a concentration 0.2 pg/pL. Each mouse received GH injection at a dose of 3 ug/g body weight. Mice
were sacrificed 25 min post GH injection, and the liver was immediately harvested and snap-frozen in
liquid nitrogen.

Blood and tissue chemistry analysis

Tail vein blood samples were allowed to clot on ice and then centrifuged for 10 min at 10,000 x g.
Serum samples were stored at —80°C until analyzed. Serum insulin (Crystal Chem, Elk Grove Village, IL,
USA,; 90080), GH (Millipore Sigma; EZRMGH-45K, Burlington, MA, USA), IGF-1 (Crystal Chem, 80574),
IGFBP3 (Abcam; ab100692, Waltham, MA, USA), and IGFALS (Cusabio; CSB-EL011094MO, Houston,
TX, USA) levels were measured by ELISA according to the manufacturer’s instructions. Serum calcium
and phosphate levels were quantified at the Molecular and Comparative Pathobiology Core at The
Johns Hopkins University School of Medicine using the Respons?10VET Veterinary Chemistry Analyzer
(DiaSys Diagnostic Systems, Wixom, MI, USA).

Quantitative real-time PCR analysis

Total RNA was isolated from tissues using Trizol reagent (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Purified RNA was reverse-transcribed using an iScript cDNA Synthesis Kit
(Bio-Rad). Real-time quantitative PCR analysis was performed on a CFX Connect Real-Time System
(Bio-Rad) using iTag Universal SYBR Green Supermix (Bio-Rad) per manufacturer’s instructions. Data
were normalized to either S-actin or 36B4 gene (encoding the acidic ribosomal phosphoprotein P0)
and expressed as relative mRNA levels using the AACt method (Schmittgen and Livak, 2008). Fold
change data were log transformed to ensure normal distribution and statistics were performed.
Real-time qPCR primers used were: mouse Tmem263 forward (qPCR-263-F1), 5'-CGCGGTGATCAT
GAATCAGGCAG-3' and reverse (qPCR-263-R1), 5'-GCTCCCTTTGTAACACTGAAGA-3'; growth
hormone receptor (Ghr) forward, 5-ACAGTGCCTACTTTTGTGAGTC-3" and reverse, 5'-GTAGTGGT
AAGGCTTTCTGTGG-3"; Igf1 forward, 5-GTGAGCCAAAGACACACCCA-3’ and reverse, 5'-ACCT
CTGATTTTCCGAGTTGC-3'; Igfbp3 forward, 5'-CCAGGAAACATCAGTGAG TCC-3' and reverse, 5'-
GGATGGAACTTGGAATCGGTCA-3'; Igfals forward, 5'-CTGCCCGATAGCATCCCAG-3' and reverse,
5'-GAAGCCAGACTTGGTGTGTGT-3"; 36B4 forward, 5-AGATTCGGGATATGCTGTTGGC-3' and
reverse, 5'-TCGGGTCCTAGACCAGTGTTC-3’; B-actin forward, 5'-GGCACCACACCTTCTACAATG-3’
and reverse, 5'-GGGGTGTTGAAGGTCTCAAAC-3'.

RNA sequencing and bioinformatics analysis

Bulk RNA sequencing of WT (n=8) and Tmem263-KO (n=8) mouse liver were performed by Novo-
gene (Sacramento, CA, USA) on an Illumina platform (NovaSeq 6000) and pair-end reads were
generated. Sequencing data was analyzed using the Novogene Analysis Pipeline. In brief, data
analysis was performed using a combination of programs, including Fastp, Hisat2, and Feature-
Counts. Differential expressions were determined through DESeq2. The resulting p-values were
adjusted using the Benjamini and Hochberg’s approach for controlling the false discovery rate.
Genes with an adjusted p-value <0.05 found by DESeq2 were assigned as differentially expressed.
Gene Ontology, Kyoto Encyclopedia of Genes and Genomes, and Reactome (http://www.reac-
tome.org) enrichment were implemented by ClusterProfiler. All volcano plots and heat maps were
generated in GraphPad Prism 9 software. All statistics were performed on log transformed data.
All heat maps were generated from column z-score transformed data. The z-score of each column
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was determined by taking the column average, subtracting each sample’s individual expression
value by said average then dividing that difference by the column standard deviation. Z-score =
(value - column average)/column standard deviation. High-throughput sequencing data from this
study have been submitted to the NCBI Sequence Read Archive (SRA) under accession number #
PRIJNA938158.

Statistical analyses

All results are expressed as mean + standard error of the mean (SEM). Statistical analysis was performed
with GraphPad Prism 9 software (GraphPad Software, San Diego, CA, USA). Data were analyzed with
two-tailed Student’s t-tests or by one-way ANOVA with Tukey’s multiple comparisons test. p<0.05 was
considered statistically significant.

Acknowledgements

This work was supported by the National Institutes of Health (DK084171 to GWW, AR077533 and
DK099134 to RCR). We thank Thomas Clemens for helpful discussion.

Additional information

Funding
Funder Grant reference number Author
National Institute of DK084171 G William Wong

Diabetes and Digestive
and Kidney Diseases

National Institute of DK099134 Ryan C Riddle
Diabetes and Digestive
and Kidney Diseases

National Institute AR077533 Ryan C Riddle
of Arthritis and

Musculoskeletal and Skin

Diseases

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Dylan C Sarver, Conceptualization, Formal analysis, Investigation, Visualization, Writing - review and
editing; Jean Garcia-Diaz, Investigation, Methodology; Muzna Saqgib, Investigation, Writing - review
and editing; Ryan C Riddle, Formal analysis, Supervision, Investigation, Visualization, Writing - review
and editing; G William Wong, Conceptualization, Formal analysis, Supervision, Funding acquisition,
Investigation, Writing — original draft, Project administration

Author ORCIDs
Ryan C Riddle @ http://orcid.org/0000-0001-7265-6939
G William Wong @ https://orcid.org/0000-0002-5286-6506

Ethics

All mouse protocols (protocol # MO22M367) were approved by the Institutional Animal Care and
Use Committee of the Johns Hopkins University School of Medicine. All animal experiments were
conducted in accordance with the National Institute of Health guidelines and followed the standards
established by the Animal Welfare Acts.

Peer review material

Reviewer #2 (Public Review): https://doi.org/10.7554/eLife.90949.3.sa1
Reviewer #3 (Public Review): https://doi.org/10.7554/elife.90949.3.sa2
Author Response https://doi.org/10.7554/elife.90949.3.sa3

Sarver et al. eLife 2023;12:RP90949. DOI: https://doi.org/10.7554/eLife.90949 18 of 23


https://doi.org/10.7554/eLife.90949
http://orcid.org/0000-0001-7265-6939
https://orcid.org/0000-0002-5286-6506
https://doi.org/10.7554/eLife.90949.3.sa1
https://doi.org/10.7554/eLife.90949.3.sa2
https://doi.org/10.7554/eLife.90949.3.sa3

e Llfe Research article

Genetics and Genomics | Medicine

Additional files

Supplementary files
e MDAR checklist

Data availability
High-throughput sequencing data from this study have been submitted to the NCBI Sequence Read
Archive (SRA) under accession number # PRINA938158.

The following dataset was generated:

Author(s) Year Dataset title Dataset URL Database and Identifier
Sarver DC, Garcia- 2023 Mus musculus https://www.ncbi.nlm. NCBI BioProject,

Diaz J, Saqib M, strain:C57BL/6J (house nih.gov/bioproject/? PRJNA938158

Riddle RC, Wong GW mouse) term=PRJNA938158

References

Abuzzahab MJ, Schneider A, Goddard A, Grigorescu F, Lautier C, Keller E, Kiess W, Klammt J, Kratzsch J,
Osgood D, Pféffle R, Raile K, Seidel B, Smith RJ, Chernausek SD, Intrauterine Growth Retardation (IUGR) Study
Group. 2003. IGF-I receptor mutations resulting in intrauterine and postnatal growth retardation. The New
England Journal of Medicine 349:2211-2222. DOI: https://doi.org/10.1056/NEJM0a010107, PMID: 14657428

Amselem S, Duquesnoy P, Attree O, Novelli G, Bousnina S, Postel-Vinay MC, Goossens M. 1989. Laron dwarfism
and mutations of the growth hormone-receptor gene. The New England Journal of Medicine 321:989-995.
DOI: https://doi.org/10.1056/NEJM198910123211501, PMID: 2779634

Amselem S, Sobrier ML, Duquesnoy P, Rappaport R, Postel-Vinay MC, Gourmelen M, Dallapiccola B,

Goossens M. 1991. Recurrent nonsense mutations in the growth hormone receptor from patients with Laron
dwarfism. The Journal of Clinical Investigation 87:1098-1102. DOI: https://doi.org/10.1172/JCI115071, PMID:
1999489

Baker J, Liu JP, Robertson EJ, Efstratiadis A. 1993. Role of insulin-like growth factors in embryonic and postnatal
growth. Cell 75:73-82 PMID: 8402902.

Ballesteros M, Leung KC, Ross RJ, lismaa TP, Ho KK. 2000. Distribution and abundance of messenger ribonucleic
acid for growth hormone receptor isoforms in human tissues. The Journal of Clinical Endocrinology and
Metabolism 85:2865-2871. DOI: https://doi.org/10.1210/jcem.85.8.6711, PMID: 10946895

Berg MA, Argente J, Chernausek S, Gracia R, Guevara-Aguirre J, Hopp M, Pérez-Jurado L, Rosenbloom A,
Toledo SP, Francke U. 1993. Diverse growth hormone receptor gene mutations in Laron syndrome. American
Journal of Human Genetics 52:998-1005 PMID: 8488849.

Besson A, Salemi S, Deladoéy J, Vuissoz JM, Eblé A, Bidlingmaier M, Birgi S, Honegger U, Fliick C, Mullis PE.
2005. Short stature caused by a biologically inactive mutant growth hormone (GH-C53S). The Journal of
Clinical Endocrinology and Metabolism 90:2493-2499. DOI: https://doi.org/10.1210/jc.2004-1838, PMID:
15713716

Binder G, Neuer K, Ranke MB, Wittekindt NE. 2005. PTPN11 mutations are associated with mild growth
hormone resistance in individuals with Noonan syndrome. The Journal of Clinical Endocrinology and
Metabolism 90:5377-5381. DOI: https://doi.org/10.1210/jc.2005-0995, PMID: 15985475

Bouxsein ML, Boyd SK, Christiansen BA, Guldberg RE, Jepsen KJ, Miller R. 2010. Guidelines for assessment of
bone microstructure in rodents using micro-computed tomography. Journal of Bone and Mineral Research
25:1468-1486. DOI: https://doi.org/10.1002/jbmr.141, PMID: 20533309

Calabrese GM, Mesner LD, Stains JP, Tommasini SM, Horowitz MC, Rosen CJ, Farber CR. 2017. Integrating
GWAS and co-expression network data identifies bone mineral density genes SPTBN1 and MARK3 and an
osteoblast functional module. Cell Systems 4:46-59. DOI: https://doi.org/10.1016/j.cels.2016.10.014, PMID:
27866947

Chan Y, Salem RM, Hsu YHH, McMahon G, Pers TH, Vedantam S, Esko T, Guo MH, Lim ET, GIANT Consortium,
Franke L, Smith GD, Strachan DP, Hirschhorn JN. 2015. Genome-wide analysis of body proportion classifies
height-associated variants by mechanism of action and implicates genes important for skeletal development.
American Journal of Human Genetics 96:695-708. DOI: https://doi.org/10.1016/j.ajhg.2015.02.018, PMID:
25865494

Chia DJ, Varco-Merth B, Rotwein P. 2010. Dispersed Chromosomal Stat5b-binding elements mediate growth
hormone-activated insulin-like growth factor-I gene transcription. The Journal of Biological Chemistry
285:17636-17647. DOI: https://doi.org/10.1074/jbc.M110.117697, PMID: 20378540

Chia DJ. 2014. Minireview: mechanisms of growth hormone-mediated gene regulation. Molecular Endocrinology
28:1012-1025. DOI: https://doi.org/10.1210/me.2014-1099, PMID: 24825400

Clodfelter KH, Holloway MG, Hodor P, Park SH, Ray WJ, Waxman DJ. 2006. Sex-dependent liver gene
expression is extensive and largely dependent upon signal transducer and activator of transcription 5b
(STAT5b): STAT5b-dependent activation of male genes and repression of female genes revealed by microarray

Sarver et al. eLife 2023;12:RP90949. DOI: https://doi.org/10.7554/eLife.90949 19 of 23


https://doi.org/10.7554/eLife.90949
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA938158
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA938158
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA938158
https://doi.org/10.1056/NEJMoa010107
http://www.ncbi.nlm.nih.gov/pubmed/14657428
https://doi.org/10.1056/NEJM198910123211501
http://www.ncbi.nlm.nih.gov/pubmed/2779634
https://doi.org/10.1172/JCI115071
http://www.ncbi.nlm.nih.gov/pubmed/1999489
http://www.ncbi.nlm.nih.gov/pubmed/8402902
https://doi.org/10.1210/jcem.85.8.6711
http://www.ncbi.nlm.nih.gov/pubmed/10946895
http://www.ncbi.nlm.nih.gov/pubmed/8488849
https://doi.org/10.1210/jc.2004-1838
http://www.ncbi.nlm.nih.gov/pubmed/15713716
https://doi.org/10.1210/jc.2005-0995
http://www.ncbi.nlm.nih.gov/pubmed/15985475
https://doi.org/10.1002/jbmr.141
http://www.ncbi.nlm.nih.gov/pubmed/20533309
https://doi.org/10.1016/j.cels.2016.10.014
http://www.ncbi.nlm.nih.gov/pubmed/27866947
https://doi.org/10.1016/j.ajhg.2015.02.018
http://www.ncbi.nlm.nih.gov/pubmed/25865494
https://doi.org/10.1074/jbc.M110.117697
http://www.ncbi.nlm.nih.gov/pubmed/20378540
https://doi.org/10.1210/me.2014-1099
http://www.ncbi.nlm.nih.gov/pubmed/24825400

e Llfe Research article

Genetics and Genomics | Medicine

analysis. Molecular Endocrinology 20:1333-1351. DOI: https://doi.org/10.1210/me.2005-0489, PMID:
16469768

Conforto TL, Zhang Y, Sherman J, Waxman DJ. 2012. Impact of CUX2 on the female mouse liver transcriptome:
activation of female-biased genes and repression of male-biased genes. Molecular and Cellular Biology
32:4611-4627. DOI: https://doi.org/10.1128/MCB.00886-12, PMID: 22966202

Dauber A, Mufioz-Calvo MT, Barrios V, Domené HM, Kloverpris S, Serra-Juhé C, Desikan V, Pozo J, Muzumdar R,
Martos-Moreno GA, Hawkins F, Jasper HG, Conover CA, Frystyk J, Yakar S, Hwa V, Chowen JA, Oxvig C,
Rosenfeld RG, Pérez-Jurado LA, et al. 2016. Mutations in pregnancy-associated plasma protein A2 cause short
stature due to low IGF-| availability. EMBO Molecular Medicine 8:363-374. DOI: https://doi.org/10.15252/
emmm.201506106, PMID: 26902202

Davey HW, Park SH, Grattan DR, McLachlan MJ, Waxman DJ. 1999a. STAT5b-deficient mice are growth
hormone pulse-resistant. Role of STAT5b in sex-specific liver p450 expression. The Journal of Biological
Chemistry 274:35331-35336. DOI: https://doi.org/10.1074/jbc.274.50.35331, PMID: 10585399

Davey HW, Wilkins RJ, Waxman DJ. 1999b. STATS signaling in sexually dimorphic gene expression and growth
patterns. American Journal of Human Genetics 65:959-965. DOI: https://doi.org/10.1086/302599, PMID:
10486314

David A, Hwa V, Metherell LA, Netchine |, Camacho-Hibner C, Clark AJL, Rosenfeld RG, Savage MO. 2011.
Evidence for a continuum of genetic, phenotypic, and biochemical abnormalities in children with growth
hormone insensitivity. Endocrine Reviews 32:472-497. DOI: https://doi.org/10.1210/er.2010-0023, PMID:
21525302

Domené HM, Bengolea SV, Martinez AS, Ropelato MG, Pennisi P, Scaglia P, Heinrich JJ, Jasper HG. 2004.
Deficiency of the circulating insulin-like growth factor system associated with inactivation of the acid-labile
subunit gene. The New England Journal of Medicine 350:570-577. DOI: https://doi.org/10.1056/
NEJMo0a013100, PMID: 14762184

Domené HM, Scaglia PA, Lteif A, Mahmud FH, Kirmani S, Frystyk J, Bedecarras P, Gutiérrez M, Jasper HG. 2007.
Phenotypic effects of null and haploinsufficiency of acid-labile subunit in a family with two novel IGFALS gene
mutations. The Journal of Clinical Endocrinology and Metabolism 92:4444-4450. DOI: https://doi.org/10.1210/
jc.2007-1152, PMID: 17726072

Duquesnoy P, Sobrier ML, Amselem S, Goossens M. 1991. Defective membrane expression of human growth
hormone (GH) receptor causes Laron-type GH insensitivity syndrome. PNAS 88:10272-10276. DOI: https://doi.
org/10.1073/pnas.88.22.10272, PMID: 1719554

Efstratiadis A. 1998. Genetics of mouse growth. The International Journal of Developmental Biology 42:955-
976 PMID: 9853827.

Eshet R, Laron Z, Pertzelan A, Arnon R, Dintzman M. 1984. Defect of human growth hormone receptors in the
liver of two patients with Laron-type dwarfism. Israel Journal of Medical Sciences 20:8-11 PMID: 6321400.

Estrada K, Styrkarsdottir U, Evangelou E, Hsu Y-H, Duncan EL, Ntzani EE, Oei L, Albagha OME, Amin N,
Kemp JP, Koller DL, Li G, Liu C-T, Minster RL, Moayyeri A, Vandenput L, Willner D, Xiao S-M,
Yerges-Armstrong LM, Zheng H-F, et al. 2012. Genome-wide meta-analysis identifies 56 bone mineral density
loci and reveals 14 loci associated with risk of fracture. Nature Genetics 44:491-501. DOI: https://doi.org/10.
1038/ng.2249, PMID: 22504420

Fang P, Girgis R, Little BM, Pratt KL, Guevara-Aguirre J, Hwa V, Rosenfeld RG. 2008. Growth hormone (GH)
insensitivity and insulin-like growth factor-I deficiency in Inuit subjects and an Ecuadorian cohort: functional
studies of two codon 180 GH receptor gene mutations. The Journal of Clinical Endocrinology and Metabolism
93:1030-1037. DOI: https://doi.org/10.1210/jc.2007-2022, PMID: 18073295

Godowski PJ, Leung DW, Meacham LR, Galgani JP, Hellmiss R, Keret R, Rotwein PS, Parks JS, Laron Z, Wood WI.
1989. Characterization of the human growth hormone receptor gene and demonstration of a partial gene
deletion in two patients with Laron-type dwarfism. PNAS 86:8083-8087. DOI: https://doi.org/10.1073/pnas.86.
20.8083, PMID: 2813379

Holloway MG, Laz EV, Waxman DJ. 2006. Codependence of growth hormone-responsive, sexually dimorphic
hepatic gene expression on signal transducer and activator of transcription 5b and hepatic nuclear factor
4alpha. Molecular Endocrinology 20:647-660. DOI: https://doi.org/10.1210/me.2005-0328, PMID: 16239260

Holloway MG, Cui Y, Laz EV, Hosui A, Hennighausen L, Waxman DJ. 2007. Loss of sexually dimorphic liver gene
expression upon hepatocyte-specific deletion of Stat5a-Stat5b locus. Endocrinology 148:1977-1986. DOI:
https://doi.org/10.1210/en.2006-1419, PMID: 17317776

Hwa V, Little B, Adiyaman P, Kofoed EM, Pratt KL, Ocal G, Berberoglu M, Rosenfeld RG. 2005. Severe growth
hormone insensitivity resulting from total absence of signal transducer and activator of transcription 5b. The
Journal of Clinical Endocrinology and Metabolism 90:4260-4266. DOI: https://doi.org/10.1210/jc.2005-0515,
PMID: 15827093

Hwa V, Camacho-Hubner C, Little BM, David A, Metherell LA, El-Khatib N, Savage MO, Rosenfeld RG. 2007.
Growth hormone insensitivity and severe short stature in siblings: a novel mutation at the exon 13-intron 13
junction of the STAT5b gene. Hormone Research 68:218-224. DOI: https://doi.org/10.1159/000101334, PMID:
17389811

Hwa V, Fujimoto M, Zhu G, Gao W, Foley C, Kumbaji M, Rosenfeld RG. 2021. Genetic causes of growth
hormone insensitivity beyond GHR. Reviews in Endocrine & Metabolic Disorders 22:43-58. DOI: https://doi.
org/10.1007/s11154-020-09603-3, PMID: 33029712

Inagaki K, Tiulpakov A, Rubtsov P, Sverdlova P, Peterkova V, Yakar S, Terekhov S, LeRoith D. 2007. A familial
insulin-like growth factor-I receptor mutant leads to short stature: clinical and biochemical characterization. The

Sarver et al. eLife 2023;12:RP90949. DOI: https://doi.org/10.7554/eLife.90949 20 of 23


https://doi.org/10.7554/eLife.90949
https://doi.org/10.1210/me.2005-0489
http://www.ncbi.nlm.nih.gov/pubmed/16469768
https://doi.org/10.1128/MCB.00886-12
http://www.ncbi.nlm.nih.gov/pubmed/22966202
https://doi.org/10.15252/emmm.201506106
https://doi.org/10.15252/emmm.201506106
http://www.ncbi.nlm.nih.gov/pubmed/26902202
https://doi.org/10.1074/jbc.274.50.35331
http://www.ncbi.nlm.nih.gov/pubmed/10585399
https://doi.org/10.1086/302599
http://www.ncbi.nlm.nih.gov/pubmed/10486314
https://doi.org/10.1210/er.2010-0023
http://www.ncbi.nlm.nih.gov/pubmed/21525302
https://doi.org/10.1056/NEJMoa013100
https://doi.org/10.1056/NEJMoa013100
http://www.ncbi.nlm.nih.gov/pubmed/14762184
https://doi.org/10.1210/jc.2007-1152
https://doi.org/10.1210/jc.2007-1152
http://www.ncbi.nlm.nih.gov/pubmed/17726072
https://doi.org/10.1073/pnas.88.22.10272
https://doi.org/10.1073/pnas.88.22.10272
http://www.ncbi.nlm.nih.gov/pubmed/1719554
http://www.ncbi.nlm.nih.gov/pubmed/9853827
http://www.ncbi.nlm.nih.gov/pubmed/6321400
https://doi.org/10.1038/ng.2249
https://doi.org/10.1038/ng.2249
http://www.ncbi.nlm.nih.gov/pubmed/22504420
https://doi.org/10.1210/jc.2007-2022
http://www.ncbi.nlm.nih.gov/pubmed/18073295
https://doi.org/10.1073/pnas.86.20.8083
https://doi.org/10.1073/pnas.86.20.8083
http://www.ncbi.nlm.nih.gov/pubmed/2813379
https://doi.org/10.1210/me.2005-0328
http://www.ncbi.nlm.nih.gov/pubmed/16239260
https://doi.org/10.1210/en.2006-1419
http://www.ncbi.nlm.nih.gov/pubmed/17317776
https://doi.org/10.1210/jc.2005-0515
http://www.ncbi.nlm.nih.gov/pubmed/15827093
https://doi.org/10.1159/000101334
http://www.ncbi.nlm.nih.gov/pubmed/17389811
https://doi.org/10.1007/s11154-020-09603-3
https://doi.org/10.1007/s11154-020-09603-3
http://www.ncbi.nlm.nih.gov/pubmed/33029712

e Llfe Research article

Genetics and Genomics | Medicine

Journal of Clinical Endocrinology and Metabolism 92:1542-1548. DOI: https://doi.org/10.1210/jc.2006-2354,
PMID: 17264177

Karczewski KJ, Francioli LC, Tiao G, Cummings BB, Alféldi J, Wang Q, Collins RL, Laricchia KM, Ganna A,
Birnbaum DP, Gauthier LD, Brand H, Solomonson M, Watts NA, Rhodes D, Singer-Berk M, England EM,
Seaby EG, Kosmicki JA, Walters RK, et al. 2020. The mutational constraint spectrum quantified from variation
in 141,456 humans. Nature 581:434-443. DOI: https://doi.org/10.1038/s41586-020-2308-7, PMID: 32461654

Kawashima Y, Kanzaki S, Yang F, Kinoshita T, Hanaki K, Nagaishi JI, Ohtsuka Y, Hisatome |, Ninomoya H,
Nanba E, Fukushima T, Takahashi SI. 2005. Mutation at cleavage site of insulin-like growth factor receptor in a
short-stature child born with intrauterine growth retardation. The Journal of Clinical Endocrinology and
Metabolism 90:4679-4687. DOI: https://doi.org/10.1210/jc.2004-1947, PMID: 15928254

Kemp JP, Morris JA, Medina-Gomez C, Forgetta V, Warrington NM, Youlten SE, Zheng J, Gregson CL,
Grundberg E, Trajanoska K, Logan JG, Pollard AS, Sparkes PC, Ghirardello EJ, Allen R, Leitch VD,
Butterfield NC, Komla-Ebri D, Adoum AT, Curry KF, et al. 2017. Identification of 153 new loci associated with
heel bone mineral density and functional involvement of GPCé in osteoporosis. Nature Genetics 49:1468-
1475. DOI: https://doi.org/10.1038/ng.3949, PMID: 28869591

Klammt J, Neumann D, Gevers EF, Andrew SF, Schwartz ID, Rockstroh D, Colombo R, Sanchez MA, Vokurkova D,
Kowalczyk J, Metherell LA, Rosenfeld RG, Pféffle R, Dattani MT, Dauber A, Hwa V. 2018. Dominant-negative
STAT5B mutations cause growth hormone insensitivity with short stature and mild immune dysregulation.
Nature Communications 9:2105. DOI: https://doi.org/10.1038/s41467-018-04521-0, PMID: 29844444

Kofoed EM, Hwa V, Little B, Woods KA, Buckway CK, Tsubaki J, Pratt KL, Bezrodnik L, Jasper H, Tepper A,
Heinrich JJ, Rosenfeld RG. 2003. Growth hormone insensitivity associated with a STAT5b mutation. The New
England Journal of Medicine 349:1139-1147. DOI: https://doi.org/10.1056/NEJM0a022926, PMID: 13679528

Lanning NJ, Carter-Su C. 2006. Recent advances in growth hormone signaling. Reviews in Endocrine &
Metabolic Disorders 7:225-235. DOI: https://doi.org/10.1007/s11154-007-9025-5, PMID: 17308965

Laron Z, Pertzelan A, Mannheimer S. 1966. Genetic pituitary dwarfism with high serum concentation of growth
hormone--a new inborn error of metabolism? Israel Journal of Medical Sciences 2:152-155 PMID: 5916640.

Laron Z. 2004. Laron syndrome (primary growth hormone resistance or insensitivity): the personal experience
1958-2003. The Journal of Clinical Endocrinology and Metabolism 89:1031-1044. DOI: https://doi.org/10.
1210/jc.2003-031033, PMID: 15001582

Lau-Corona D, Suvorov A, Waxman DJ. 2017. Feminization of male mouse liver by persistent growth hormone
stimulation: Activation of sex-biased transcriptional networks and dynamic changes in chromatin states.
Molecular and Cellular Biology 37:€00301-17. DOI: https://doi.org/10.1128/MCB.00301-17, PMID: 28694329

Liu JP, Baker J, Perkins AS, Robertson EJ, Efstratiadis A. 1993. Mice carrying null mutations of the genes
encoding insulin-like growth factor | (IGF-1) and type 1 IGF receptor (Igf1r). Cell 75:59-72 PMID: 8402901.

Lupu F, Terwilliger JD, Lee K, Segre GV, Efstratiadis A. 2001. Roles of growth hormone and insulin-like growth
factor 1 in mouse postnatal growth. Developmental Biology 229:141-162. DOI: https://doi.org/10.1006/dbio.
2000.9975, PMID: 11133160

Maamra M, Milward A, Esfahani HZ, Abbott LP, Metherell LA, Savage MO, Clark AJL, Ross RJM. 2006. A 36
residues insertion in the dimerization domain of the growth hormone receptor results in defective trafficking
rather than impaired signaling. The Journal of Endocrinology 188:251-261. DOI: https://doi.org/10.1677/joe.1.
06252, PMID: 16461551

Meyer RD, Laz EV, Su T, Waxman DJ. 2009. Male-specific hepatic Bclé: growth hormone-induced block of
transcription elongation in females and binding to target genes inversely coordinated with STAT5. Molecular
Endocrinology 23:1914-1926. DOI: https://doi.org/10.1210/me.2009-0242, PMID: 19797429

Milward A, Metherell L, Maamra M, Barahona MJ, Wilkinson IR, Camacho-Hubner C, Savage MO,
Bidlingmaier M, Clark AJL, Ross RJM, Webb SM. 2004. Growth hormone (GH) insensitivity syndrome due to a
GH receptor truncated after Box1, resulting in isolated failure of STAT 5 signal transduction. The Journal of
Clinical Endocrinology and Metabolism 89:1259-1266. DOI: https://doi.org/10.1210/jc.2003-031418, PMID:
15001620

Mohajeri MSA, Eslahi A, Khazaii Z, Moradi MR, Pazhoomand R, Farrokhi S, Feizabadi MH, Alizadeh F,
Mojarrad M. 2021. TMEM263: a novel candidate gene implicated in human autosomal recessive severe lethal
skeletal dysplasia. Human Genomics 15:42. DOI: https://doi.org/10.1186/s40246-021-00343-2, PMID:
34238371

Norstedt G, Palmiter R. 1984. Secretory rhythm of growth hormone regulates sexual differentiation of mouse
liver. Cell 36:805-812. DOI: https://doi.org/10.1016/0092-8674(84)90030-8, PMID: 6323022

Ohlsson C, Mohan S, Sjégren K, Tivesten A, Isgaard J, Isaksson O, Jansson JO, Svensson J. 2009. The role of
liver-derived insulin-like growth factor-l. Endocrine Reviews 30:494-535. DOI: https://doi.org/10.1210/
er.2009-0010, PMID: 19589948

Qian Y, Berryman DE, Basu R, List EO, Okada S, Young JA, Jensen EA, Bell SRC, Kulkarni P, Duran-Ortiz S,
Mora-Criollo P, Mathes SC, Brittain AL, Buchman M, Davis E, Funk KR, Bogart J, Ibarra D, Mendez-Gibson |,
Slyby J, et al. 2022. Mice with gene alterations in the GH and IGF family. Pituitary 25:1-51. DOI: https://doi.
org/10.1007/s11102-021-01191-y, PMID: 34797529

Rigueur D, Lyons KM. 2014. Whole-mount skeletal staining. Methods in Molecular Biology 1130:113-121. DOI:
https://doi.org/10.1007/978-1-62703-989-5_9, PMID: 24482169

Rodriguez S, Lei X, Petersen PS, Tan SY, Little HC, Wong GW. 2016. Loss of CTRP1 disrupts glucose and lipid
homeostasis. American Journal of Physiology Endocrinology and Metabolism 311:E678-E697. DOI: https://doi.
org/10.1152/ajpendo.00087.2016, PMID: 27555298

Sarver et al. eLife 2023;12:RP90949. DOI: https://doi.org/10.7554/eLife.90949 21 0of 23


https://doi.org/10.7554/eLife.90949
https://doi.org/10.1210/jc.2006-2354
http://www.ncbi.nlm.nih.gov/pubmed/17264177
https://doi.org/10.1038/s41586-020-2308-7
http://www.ncbi.nlm.nih.gov/pubmed/32461654
https://doi.org/10.1210/jc.2004-1947
http://www.ncbi.nlm.nih.gov/pubmed/15928254
https://doi.org/10.1038/ng.3949
http://www.ncbi.nlm.nih.gov/pubmed/28869591
https://doi.org/10.1038/s41467-018-04521-0
http://www.ncbi.nlm.nih.gov/pubmed/29844444
https://doi.org/10.1056/NEJMoa022926
http://www.ncbi.nlm.nih.gov/pubmed/13679528
https://doi.org/10.1007/s11154-007-9025-5
http://www.ncbi.nlm.nih.gov/pubmed/17308965
http://www.ncbi.nlm.nih.gov/pubmed/5916640
https://doi.org/10.1210/jc.2003-031033
https://doi.org/10.1210/jc.2003-031033
http://www.ncbi.nlm.nih.gov/pubmed/15001582
https://doi.org/10.1128/MCB.00301-17
http://www.ncbi.nlm.nih.gov/pubmed/28694329
http://www.ncbi.nlm.nih.gov/pubmed/8402901
https://doi.org/10.1006/dbio.2000.9975
https://doi.org/10.1006/dbio.2000.9975
http://www.ncbi.nlm.nih.gov/pubmed/11133160
https://doi.org/10.1677/joe.1.06252
https://doi.org/10.1677/joe.1.06252
http://www.ncbi.nlm.nih.gov/pubmed/16461551
https://doi.org/10.1210/me.2009-0242
http://www.ncbi.nlm.nih.gov/pubmed/19797429
https://doi.org/10.1210/jc.2003-031418
http://www.ncbi.nlm.nih.gov/pubmed/15001620
https://doi.org/10.1186/s40246-021-00343-2
http://www.ncbi.nlm.nih.gov/pubmed/34238371
https://doi.org/10.1016/0092-8674(84)90030-8
http://www.ncbi.nlm.nih.gov/pubmed/6323022
https://doi.org/10.1210/er.2009-0010
https://doi.org/10.1210/er.2009-0010
http://www.ncbi.nlm.nih.gov/pubmed/19589948
https://doi.org/10.1007/s11102-021-01191-y
https://doi.org/10.1007/s11102-021-01191-y
http://www.ncbi.nlm.nih.gov/pubmed/34797529
https://doi.org/10.1007/978-1-62703-989-5_9
http://www.ncbi.nlm.nih.gov/pubmed/24482169
https://doi.org/10.1152/ajpendo.00087.2016
https://doi.org/10.1152/ajpendo.00087.2016
http://www.ncbi.nlm.nih.gov/pubmed/27555298

e Llfe Research article

Genetics and Genomics | Medicine

Rosenfeld RG, Rosenbloom AL, Guevara-aguirre J. 1994. Growth hormone (GH) insensitivity due to primary GH
receptor deficiency. Endocrine Reviews 15:369-390. DOI: https://doi.org/10.1210/edrv-15-3-369, PMID:
8076588

Rosenfeld RG, Belgorosky A, Camacho-Hubner C, Savage MO, Wit JM, Hwa V. 2007. Defects in growth
hormone receptor signaling. Trends in Endocrinology and Metabolism 18:134-141. DOI: https://doi.org/10.
1016/j.tem.2007.03.004, PMID: 17391978

Rosenfeld RG, Hwa V. 2009. The growth hormone cascade and its role in mammalian growth. Hormone Research
71 Suppl 2:36-40. DOI: https://doi.org/10.1159/000192434, PMID: 19407495

Savage MO, Hwa V, David A, Rosenfeld RG, Metherell LA. 2011. Genetic defects in the growth hormone-IGF-|
axis causing growth hormone insensitivity and impaired linear growth. Frontiers in Endocrinology 2:95. DOI:
https://doi.org/10.3389/fendo.2011.00095, PMID: 22654835

Schmittgen TD, Livak KJ. 2008. Analyzing real-time PCR data by the comparative C(T) method. Nature Protocols
3:1101-1108. DOI: https://doi.org/10.1038/nprot.2008.73, PMID: 18546601

Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH Image to ImageJ: 25 years of image analysis. Nature
Methods 9:671-675. DOI: https://doi.org/10.1038/nmeth.2089, PMID: 22930834

Sievers F, Higgins DG. 2018. Clustal omega for making accurate alignments of many protein sequences. Protein
Science 27:135-145. DOI: https://doi.org/10.1002/pro.3290, PMID: 28884485

Sims NA, Clément-Lacroix P, Da Ponte F, Bouali Y, Binart N, Moriggl R, Goffin V, Coschigano K, Gaillard-Kelly M,
Kopchick J, Baron R, Kelly PA. 2000. Bone homeostasis in growth hormone receptor-null mice is restored by
IGF-I but independent of Stat5. The Journal of Clinical Investigation 106:1095-1103. DOI: https://doi.org/10.
1172/JCI10753, PMID: 11067862

Stratikopoulos E, Szabolcs M, Dragatsis |, Klinakis A, Efstratiadis A. 2008. The hormonal action of IGF1 in
postnatal mouse growth. PNAS 105:19378-19383. DOI: https://doi.org/10.1073/pnas.0809223105, PMID:
19033454

Styrkarsdottir U, Stefansson OA, Gunnarsdottir K, Thorleifsson G, Lund SH, Stefansdottir L, Juliusson K,
Agustsdottir AB, Zink F, Halldorsson GH, Ivarsdottir EV, Benonisdottir S, Jonsson H, Gylfason A, Norland K,
Trajanoska K, Boer CG, Southam L, Leung JCS, Tang NLS, et al. 2019. GWAS of bone size yields twelve loci
that also affect height, BMD, osteoarthritis or fractures. Nature Communications 10:2054. DOI: https://doi.org/
10.1038/541467-019-09860-0, PMID: 31053729

Sugathan A, Waxman DJ. 2013. Genome-wide analysis of chromatin states reveals distinct mechanisms of
sex-dependent gene regulation in male and female mouse liver. Molecular and Cellular Biology 33:3594-3610.
DOI: https://doi.org/10.1128/MCB.00280-13, PMID: 23836885

Takahashi Y, Kaji H, Okimura Y, Goji K, Abe H, Chihara K. 1996. Brief report: short stature caused by a mutant
growth hormone. The New England Journal of Medicine 334:432-436. DOI: https://doi.org/10.1056/
NEJM199602153340704, PMID: 8552145

Takahashi Y, Shirono H, Arisaka O, Takahashi K, Yagi T, Koga J, Kaji H, Okimura Y, Abe H, Tanaka T, Chihara K.
1997. Biologically inactive growth hormone caused by an amino acid substitution. The Journal of Clinical
Investigation 100:1159-1165. DOI: https://doi.org/10.1172/JCI1119627, PMID: 9276733

Tartaglia M, Mehler EL, Goldberg R, Zampino G, Brunner HG, Kremer H, van der Burgt |, Crosby AH, lon A,
Jeffery S, Kalidas K, Patton MA, Kucherlapati RS, Gelb BD. 2001. Mutations in PTPN11, encoding the protein
tyrosine phosphatase SHP-2, cause Noonan syndrome. Nature Genetics 29:465-468. DOI: https://doi.org/10.
1038/ng772, PMID: 11704759

The Gtex Consortium. 2015. The Genotype-Tissue Expression (GTEx) pilot analysis: multitissue gene regulation
in humans. Science 348:648-660. DOI: https://doi.org/10.1126/science.1262110, PMID: 25954001

Udy GB, Towers RP, Snell RG, Wilkins RJ, Park SH, Ram PA, Waxman DJ, Davey HW. 1997. Requirement of
STAT5b for sexual dimorphism of body growth rates and liver gene expression. PNAS 94:7239-7244. DOI:
https://doi.org/10.1073/pnas.94.14.7239, PMID: 9207075

Uhlén M, Fagerberg L, Hallstrém BM, Lindskog C, Oksvold P, Mardinoglu A, Sivertsson A, Kampf C, Sjostedt E,
Asplund A, Olsson |, Edlund K, Lundberg E, Navani S, Szigyarto CAK, Odeberg J, Djureinovic D, Takanen JO,
Hober S, AIm T, et al. 2015. Tissue-based map of the human proteome. Science 347:1260419. DOI: https://doi.
org/10.1126/science.1260419, PMID: 25613900

Vidarsdottir S, Walenkamp MJE, Pereira AM, Karperien M, van Doorn J, van Duyvenvoorde HA, White S,
Breuning MH, Roelfsema F, Kruithof MF, van Dissel J, Janssen R, Wit JM, Romijn JA. 2006. Clinical and
biochemical characteristics of a male patient with a novel homozygous STAT5b mutation. The Journal of
Clinical Endocrinology and Metabolism 91:3482-3485. DOI: https://doi.org/10.1210/jc.2006-0368, PMID:
16787985

Wauthier V, Sugathan A, Meyer RD, Dombkowski AA, Waxman DJ. 2010. Intrinsic sex differences in the early
growth hormone responsiveness of sex-specific genes in mouse liver. Molecular Endocrinology24:667-678.
DOI: https://doi.org/10.1210/me.2009-0454, PMID: 20150183

Waxman DJ, Pampori NA, Ram PA, Agrawal AK, Shapiro BH. 1991. Interpulse interval in circulating growth
hormone patterns regulates sexually dimorphic expression of hepatic cytochrome P450. PNAS 88:6868-6872.
DOI: https://doi.org/10.1073/pnas.88.15.6868, PMID: 1862110

Waxman DJ, O'Connor C. 2006. Growth hormone regulation of sex-dependent liver gene expression. Molecular
Endocrinology 20:2613-2629. DOI: https://doi.org/10.1210/me.2006-0007, PMID: 16543404

Woelfle J, Billiard J, Rotwein P. 2003a. Acute control of insulin-like growth factor-I gene transcription by growth
hormone through Stat5b. The Journal of Biological Chemistry 278:22696-22702. DOI: https://doi.org/10.1074/
jbc.M301362200, PMID: 12682066

Sarver et al. eLife 2023;12:RP90949. DOI: https://doi.org/10.7554/eLife.90949 22 of 23


https://doi.org/10.7554/eLife.90949
https://doi.org/10.1210/edrv-15-3-369
http://www.ncbi.nlm.nih.gov/pubmed/8076588
https://doi.org/10.1016/j.tem.2007.03.004
https://doi.org/10.1016/j.tem.2007.03.004
http://www.ncbi.nlm.nih.gov/pubmed/17391978
https://doi.org/10.1159/000192434
http://www.ncbi.nlm.nih.gov/pubmed/19407495
https://doi.org/10.3389/fendo.2011.00095
http://www.ncbi.nlm.nih.gov/pubmed/22654835
https://doi.org/10.1038/nprot.2008.73
http://www.ncbi.nlm.nih.gov/pubmed/18546601
https://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
https://doi.org/10.1002/pro.3290
http://www.ncbi.nlm.nih.gov/pubmed/28884485
https://doi.org/10.1172/JCI10753
https://doi.org/10.1172/JCI10753
http://www.ncbi.nlm.nih.gov/pubmed/11067862
https://doi.org/10.1073/pnas.0809223105
http://www.ncbi.nlm.nih.gov/pubmed/19033454
https://doi.org/10.1038/s41467-019-09860-0
https://doi.org/10.1038/s41467-019-09860-0
http://www.ncbi.nlm.nih.gov/pubmed/31053729
https://doi.org/10.1128/MCB.00280-13
http://www.ncbi.nlm.nih.gov/pubmed/23836885
https://doi.org/10.1056/NEJM199602153340704
https://doi.org/10.1056/NEJM199602153340704
http://www.ncbi.nlm.nih.gov/pubmed/8552145
https://doi.org/10.1172/JCI119627
http://www.ncbi.nlm.nih.gov/pubmed/9276733
https://doi.org/10.1038/ng772
https://doi.org/10.1038/ng772
http://www.ncbi.nlm.nih.gov/pubmed/11704759
https://doi.org/10.1126/science.1262110
25954001
https://doi.org/10.1073/pnas.94.14.7239
http://www.ncbi.nlm.nih.gov/pubmed/9207075
https://doi.org/10.1126/science.1260419
https://doi.org/10.1126/science.1260419
http://www.ncbi.nlm.nih.gov/pubmed/25613900
https://doi.org/10.1210/jc.2006-0368
http://www.ncbi.nlm.nih.gov/pubmed/16787985
https://doi.org/10.1210/me.2009-0454
http://www.ncbi.nlm.nih.gov/pubmed/20150183
https://doi.org/10.1073/pnas.88.15.6868
http://www.ncbi.nlm.nih.gov/pubmed/1862110
https://doi.org/10.1210/me.2006-0007
http://www.ncbi.nlm.nih.gov/pubmed/16543404
https://doi.org/10.1074/jbc.M301362200
https://doi.org/10.1074/jbc.M301362200
http://www.ncbi.nlm.nih.gov/pubmed/12682066

e Llfe Research article

Genetics and Genomics | Medicine

Woelfle J, Chia DJ, Rotwein P. 2003b. Mechanisms of growth hormone (GH) action. Identification of conserved
Stat5 binding sites that mediate GH-induced insulin-like growth factor-I gene activation. The Journal of
Biological Chemistry 278:51261-51266. DOI: https://doi.org/10.1074/jbc.M309486200, PMID: 14532269

Woods KA, Camacho-Hibner C, Savage MO, Clark AJ. 1996. Intrauterine growth retardation and postnatal
growth failure associated with deletion of the insulin-like growth factor | gene. The New England Journal of
Medicine 335:1363-1367. DOI: https://doi.org/10.1056/NEJM199610313351805, PMID: 8857020

Wu Y, Sun H, Yakar S, LeRoith D. 2009. Elevated levels of insulin-like growth factor (IGF)-I in serum rescue the
severe growth retardation of IGF-I null mice. Endocrinology 150:4395-4403. DOI: https://doi.org/10.1210/en.
2009-0272, PMID: 19497975

Wu Z, Derks MFL, Dibbits B, Megens HJ, Groenen MAM, Crooijmans R. 2018. A novel loss-of-function variant in
transmembrane protein 263 (TMEM263) of autosomal dwarfism in chicken. Frontiers in Genetics 9:193. DOI:
https://doi.org/10.3389/fgene.2018.00193, PMID: 29930570

Zhang Y, Laz EV, Waxman DJ. 2012. Dynamic, sex-differential STAT5 and BCL6 binding to sex-biased, growth
hormone-regulated genes in adult mouse liver. Molecular and Cellular Biology 32:880-896. DOI: https://doi.
org/10.1128/MCB.06312-11, PMID: 22158971

Zhao LJ, Liu XG, Liu YZ, Liu YJ, Papasian CJ, Sha BY, Pan F, Guo YF, Wang L, Yan H, Xiong DH, Tang ZH, Yang TL,
Chen XD, Guo Y, Li J, Shen H, Zhang F, Lei SF, Recker RR, et al. 2010. Genome-wide association study for
femoral neck bone geometry. Journal of Bone and Mineral Research 25:320-329. DOI: https://doi.org/10.
1359/jbmr.090726, PMID: 20175129

Zhou Y, Xu BC, Maheshwari HG, He L, Reed M, Lozykowski M, Okada S, Cataldo L, Coschigamo K, Wagner TE,
Baumann G, Kopchick JJ. 1997. A mammalian model for Laron syndrome produced by targeted disruption of
the mouse growth hormone receptor/binding protein gene (the Laron mouse). PNAS 94:13215-13220. DOI:
https://doi.org/10.1073/pnas.94.24.13215, PMID: 9371826

Sarver et al. eLife 2023;12:RP90949. DOI: https://doi.org/10.7554/eLife.90949 23 of 23


https://doi.org/10.7554/eLife.90949
https://doi.org/10.1074/jbc.M309486200
http://www.ncbi.nlm.nih.gov/pubmed/14532269
https://doi.org/10.1056/NEJM199610313351805
http://www.ncbi.nlm.nih.gov/pubmed/8857020
https://doi.org/10.1210/en.2009-0272
https://doi.org/10.1210/en.2009-0272
http://www.ncbi.nlm.nih.gov/pubmed/19497975
https://doi.org/10.3389/fgene.2018.00193
http://www.ncbi.nlm.nih.gov/pubmed/29930570
https://doi.org/10.1128/MCB.06312-11
https://doi.org/10.1128/MCB.06312-11
http://www.ncbi.nlm.nih.gov/pubmed/22158971
https://doi.org/10.1359/jbmr.090726
https://doi.org/10.1359/jbmr.090726
http://www.ncbi.nlm.nih.gov/pubmed/20175129
https://doi.org/10.1073/pnas.94.24.13215
http://www.ncbi.nlm.nih.gov/pubmed/9371826

	Tmem263 deletion disrupts the GH/IGF-­1 axis and causes dwarfism and impairs skeletal acquisition
	eLife assessment
	Introduction
	Results
	TMEM263 is a conserved and widely expressed plasma membrane protein
	Tmem263 is not required for development and prenatal growth
	Tmem263 deletion causes severe postnatal growth retardation
	Pronounced skeletal dysplasia in Tmem263-null mice
	Tmem263-null mice have low IGF-1, IGFBP3, and IGFALS levels
	Tmem263-null mice have a marked deficit in hepatic GHR expression and signaling
	Loss of Tmem263 dramatically affects GH-regulated genes in the liver

	Discussion
	Materials and methods
	Mouse model
	Expression plasmid and antibodies
	Cell surface biotinylation
	Skeletal phenotyping
	Western blot analysis
	GH injection
	Blood and tissue chemistry analysis
	Quantitative real-time PCR analysis
	RNA sequencing and bioinformatics analysis
	Statistical analyses

	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Peer review material

	Additional files
	Supplementary files

	References


