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ARTICLE INFO ABSTRACT

Keywords: The tumor suppressor gene Reversion-inducing cysteine-rich protein with Kazal motifs (Reck) encodes a mem-
RECK brane-anchored protease regulator expressed in multiple tissues in mouse embryos and is essential for embryonic
Somatotroph development. In postnatal mice, however, physiological roles for the RECK protein remain unclear. We found in
Growth hormone this study that Reck is abundantly expressed in growth hormone (GH)-producing cells (somatotrophs) in the
Insulin-like growth factc.>r ! anterior pituitary gland (AP). We also found that two types of viable Reck mutant mice, one with reduced RECK
Growth hormone releasing hormone receptor . . o . . . . .
Growth hormone secretagogue receptor expression (Hypo mice) and the other with induced Reck deficiency from 10 days after birth (iKO mice treated
Growth hormone receptor with tamoxifen), exhibit common phenotypes including decreases in body size and plasma levels of insulin-like
growth factor-1 (IGF1). To gain insights into the function of RECK in the AP, we characterized several soma-
totroph-associated molecules in the AP of these mice. Immunoreactivity of GH was greatly reduced in tamoxifen-
treated iKO mice; in these mice, two membrane receptors involved in the stimulation of GH secretion [growth
hormone secretagogue receptor (GHSR) and growth hormone releasing hormone receptor (GHRHR)] were de-
creased, however, their mRNAs were increased. Decrease in GHSR immunoreactivity and concomitant increase
in its mRNA were also found in the other mutant line, Hypo. Furthermore, reduced immunoreactivity of growth
hormone receptor (GHR) and concomitant increase in its mRNA was also found in the liver of Hypo mice. These
results raise the possibility that RECK supports proper functioning of the GH/IGF1 axis in mice, thereby affecting
their growth and metabolism.

1. Introduction Chandana et al., 2010; Almeida et al., 2015). Studies on the vascular

phenotype of these mice revealed that RECK binds GPR124, an orphan

Reversion-inducing Cysteine-rich protein with Kazal motifs (RECK)
was initially isolated as a transformation suppressor gene encoding a
glycosylphosphatidylinositol (GPI)-anchored glycoprotein (Takahashi
et al., 1998). Subsequent studies revealed that the RECK protein ne-
gatively regulated several matrix metalloproteinases, preventing de-
gradation of cell surface proteins and promoting the accumulation of
extracellular matrix (ECM) (Oh et al., 2001; Noda et al., 2003; Omura
et al., 2009; Matsuzaki et al., 2018a). RECK expression is down-
regulated in a wide variety of tumors, leading to increases in their
angiogenesis-inducing activity and their potential for invasion, metas-
tasis, and recurrence (Noda and Takahashi, 2007; Hill et al., 2011; Shi
et al., 2016).

Reck-deficient mice die around embryonic day 10.5 (E10.5) with
increased gelatinase activity in the tissue, decreased tissue integrity,
and abnormalities in vascular and neural development (Oh et al., 2001;

G-protein coupled receptor (GPCR), and WNT7 to promote the ligand-
specific canonical WNT signaling required for brain angiogenesis
(Ulrich et al., 2016; Vanhollebeke et al., 2015; Noda et al., 2016; Cho
et al., 2017; Eubelen et al., 2018; Vallon et al., 2018). A study on the
neural phenotype of Reck-deficient mice, revealed that RECK also
promotes Notch signaling required for proper neurogenesis by in-
hibiting protease-mediated shedding of Notch-ligands on adjacent cells
(Muraguchi et al., 2007). Thus, molecular functions of RECK elucidated
by studying mouse phenotypes include protease regulation and en-
hancement of WNT and Notch signaling. The elucidation of physiolo-
gical roles for RECK in postnatal life, however, had been hindered by
the embryonic lethality of Reck-deficient mice.

In the present study, to investigate postnatal activities of RECK, we
searched for tissues expressing Reck in adult mice and found that a large
fraction of pituitary somatotrophs express Reck. Notably, growth
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List of Abbreviations

AP (anterior pituitary gland)

ARH (arcuate nucleus of the hypothalamus)
CreERT2 (Tamoxifen-dependent Cre recombinase 2)
ECM (extracellular matrix)

GH (growth hormone)

GHR (growth hormone receptor)

GHRH (growth hormone releasing hormone)

GHRHR (growth hormone releasing hormone receptor)

GHRP-2 (growth hormone-releasing peptide-2)

GHSR (growth hormone secretagogue receptor/ghrelin receptor)
GPCR (G protein-coupled receptor)

Hypo (hypomorph)

IGF1 (insulin-like growth factor 1)

IGFBP3 (insulin-like growth factor binding protein 3)

iKO (inducible knockout)

mT [membrane-targeted tandem dimer Tomato (a red fluor-
escent protein)]

mG (membrane-targeted green fluorescent protein)

PRL (prolactin)

RECK (reversion-inducing cysteine rich protein with Kazal mo-
tifs)

SMA (smooth muscle actin)

SST (somatostatin)

SSTR (somatostatin receptor)

TAX (tamoxifen)

TSH (thyroid-stimulating hormone)

hormone (GH) is produced mainly by somatotrophs in the anterior pi-
tuitary gland (AP). GH not only increases bone length, bone density,
and muscle mass in young animals, but also regulates lipid and car-
bohydrate metabolism and water retention (Ranke and Wit, 2018). GH-
production in the AP is regulated positively by growth hormone re-
leasing hormone (GHRH) and negatively by somatostatins (SSTs); these
regulatory peptides are produced by hypothalamic neurons and reach
the AP through local blood vessels. GHRH and SSTs bind cognate
GPCRs (GHRHR and SSTRs, respectively) present on the surface of so-
matotrophs (Ben-Shlomo and Melmed, 2010; Eigler and Ben-Shlomo,
2014; Fridlyand et al., 2016). Another stimulatory GPCR, growth hor-
mone secretagogue receptor (GHSR), is also expressed in somatotrophs,
but its ligand, ghrelin, is mainly produced by the gastrointestinal tract,
increasing after fasting and serving as an orexigenic hormone (Kojima
et al., 1999; Kojima and Kangawa, 2005). Gastrointestinal ghrelin is
known to transmit its signal via vagal afferent nerves (Date et al., 2002,
2006). Ghrelin is also produced by the AP, and such local ghrelin may
act as a paracrine factor enhancing GHRH signaling in somatotrophs
(Howard et al., 1996; Denef, 2008).

The growth-promoting activity of GH is primarily mediated by in-
sulin-like growth factor-1 (IGF1; also known as somatomedin-1 or —C)
secreted from the liver in response to GH (Laron, 1999). Growth hor-
mone receptor (GHR), a cytokine-receptor-type single-pass transmem-
brane receptor, is expressed in the liver and transduces multiple
downstream signals and evokes IGF1 secretion (Melmed, 2016;
Dehkhoda et al., 2018). IGF1 stimulates cell proliferation and survival
in various tissues, including those rich in ECM such as skeletal muscle,
cartilage, bone, and skin. IGF1 also acts as a feedback regulator sup-
pressing GH production (Berelowitz et al., 1981; Yamashita and
Melmed, 1987; Wallenius et al., 2001; Sjogren et al., 2002).

Various components of this endocrine cascade, termed the GH/IGF1
axis (see Fig. 6b), are major targets of mutations causing growth re-
tardation (Pilecka et al., 2007; Dauber et al., 2014; Gahete et al., 2016;
Ranke and Wit, 2018). In contrast, overproduction of GH due, for ex-
ample, to benign pituitary tumors may cause gigantism in children and
acromegaly in adults (Melmed, 2011, 2016). Specific agonists or an-
tagonists of receptors involved in the GH/IGF1 axis are of potential
therapeutic and/or diagnostic value. Successful examples include
GHRP-2, a synthetic GHSR agonist (i.e, a ghrelin analogue) that sti-
mulates GH production (Peroni et al., 2012), and Octreotide, a potent
SSTR2 agonist (i.e, a somatostatin analogue) that suppresses GH pro-
duction (Gadelha et al., 2012) (see Fig. 6b).

In this study, we characterized the phenotypes of three lines of vi-
able Reck mutant mice, two with reduced RECK expression (Reck™”~
and Hypo mice expressing RECK at 50% and 20% of the normal level,
respectively) and a third line (termed iKO) in which the majority of
Reck can be deleted after birth by treatment with tamoxifen (TAX).
Although Reck */ mice are normal in body size, the other two lines,
Hypo and TAX-treated iKO mice, were found to exhibit reduced body

weight and body length. These findings prompted us to compare [1] the
level of circulating IGF1, [2] the level of GH and its changes in response
to fasting, GHRP-2, and Octreotide, and [3] the level of several mem-
brane receptors involved in the GH/IGF1 axis in the AP and the liver of
these mice. Our data support the idea that RECK helps sustain the ex-
pression of membrane receptors involved in the GH/IGF1 axis in mice,
thereby promoting their body growth.

2. Materials and methods
2.1. Mice

Animal experiments were approved by the Animal Experimentation
Committee, Kyoto University and conducted in accordance with its
regulations. To visualize Reck-expressing cells, we used two lines of
Reck-reporter mice (Fig. S1): (1) Reck®*¥R™>/* R26R mice obtained by
crossing Reck“®R"? [tm3.1(CreERT2)Noda] mice (Matsuzaki et al.,
2018b) with R26R mice (Soriano, 1999) and (2) Reck“ ™8™/ *:mTmG
mice obtained by crossing Reck®“*}™2 mice with mTmG mice
(Muzumdar et al., 2007). In both lines, RECK expression can be vi-
sualized after treatment with tamoxifen (TAX; Sigma, T5648). Injection
of TAX (0.05 mg/g-body weight; once a day for 5 days) was started
from 9 weeks after birth. The animals were euthanized at 10 weeks
after birth, and marker (LacZ or mG) expression was examined. The
Reck mutant alleles Reck™! (tm2.1Noda, RRID:IMSR RBRC10232),
Reck™ (tm2.2Noda, RRID:IMSR_RBRC10233; previously termed Reck®),
and Reck™" (tm1Noda, RRID:IMSR_RBRC10232; referred to as Reck” in
this paper) have been described elsewhere (Yamamoto et al., 2012).
The Reck™’~ mice [termed Hypo in this manuscript; Fig. S2b(4)] were
generated by crossing Reck"®/**" and Reck */~ mice. The Reck™* mice
(RECK level: ~70% of normal) obtained from this cross were normal in
body weight (Fig. S6a, bar 2) and hence used as the littermate controls
for the Hypo mice in relevant experiments. Postnatal inactivation of the
Reck gene was induced in iKO (Reck™/¢*ERT2 obtained by crossing
Reck”™ 1 with Reck®™*ERT2) mice [Fig. $2b(5)] by intra-peritoneal injec-
tion of TAX (0.05 mg/g-body weight) dissolved in corn oil (Nacalai,
25,606-65) on four consecutive days from P10 to P13. Body length was
determined as the distance between the nose and anus.

2.2. Histology

For whole-mount X-gal staining, resected organs were fixed in rinse
solution [phosphate buffered saline (PBS) supplemented with 0.02%
NP40 and 0.01% deoxycholate] containing 2% paraformaldehyde
(PFA) and 0.2% glutaraldehyde at 4 °C overnight, washed with the rinse
solution (15 min, 3 times), then incubated in PBS containing 5 mM KsFe
(CN)g, 5 mM K4Fe(CN)g, 0.02% NP40, 0.01% deoxycholate, 2 mM
MgCl,, 5 mM EGTA, and 1 mg/L X-gal at 37 °C for 16 h. For X-gal
staining of tissue slices, the fixed organs were transferred into 30%
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sucrose for cryoprotection, embedded in OCT compound (Sakura
Finetek, Japan), frozen at —80 °C, and sectioned (5 um-thick) with a
Cryostat (CM1850, Leica, Japan), and stained with X-gal as described
above, followed by nuclear counterstaining with 0.1% Nuclear fast red.
For Hematoxylin-Eosin (HE) staining, resected organs were fixed in 4%
PFA at 4 °C overnight, cryosectioned as outlined above, and stained
with hematoxylin and eosin.

2.3. Immunofluorescence staining

Tissue sections (5 um) were incubated in PBS containing 10% goat
serum at room temperature (RT) for 1 h to block non-specific antibody
binding, incubated with primary antibodies at 4 °C for 16 h, washed
with PBS, and then incubated with secondary antibodies at RT for 1h.
After washing and nuclear counter-staining with Hoechst 33,342
(DOJINDO, Japan), sections were mounted with Fluoromount (K024,
Diagnostic Biosystems) and observed with a fluorescence microscope
(BZ-9000, Keyence, Japan). Primary antibodies (Table S1): GH (AbD,
4750-5059), PRL (AbD, 7770-2949), TSH (AbD, 8922-6009), ACTH
(Abcam, ab74976), SMA (DAKO, MO85), CD31 (BD Pharmingen,
550,274), Nestin (SANTA CRUZ, C2007), SSTR2A (Gramsch Labora-
tories, SS-800), SSTR5 (Abcam, ab156864), GHRHR (Abcam, ab76263),
GHSR (Abcam, ab95250), GHR (Abcam, ab134078), and RECK (see
legend to Fig. S3). Secondary antibodies: Cy5-conjugated AffiniPure
Goat Anti-Rat IgG(H + L) (Jackson IR #112-175-062) for anti-CD31
and goat anti-rabbit IgG CF647 (Biotium, 20043) for the other anti-
bodies.

2.4. Image analysis

To identify Reck-expressing cells in the AP, pituitary slices from
TAX-treated Reck® ™™/ * -mTmG mice were immunostained for a cell
type marker and recorded on 3 channels: far red (antigen), green
(RECK), and blue (nuclei). The cells positive for each color and the cells
doubly positive for far-red and green were counted using Fiji software.
For semi-quantification of receptor proteins, immunofluorescence
images (X400 magnification) acquired under equivalent conditions
from either the ventral side of the AP (6 images per slice) or from the
liver, using the same area in the same lobe of the livers of the mice (12
images per slice) were stored in TIFF format and subjected to image
analysis using Fiji software to quantify the number of nuclei and the
intensity of far red fluorescence (i.e., immunoreactivity). In every ex-
periment, two control slices (AP from wild type mice) stained with
secondary antibodies alone were included and subjected to image
analysis in parallel with the test animals. The intensity of far-red
fluorescence was divided by the number of nuclei to obtain the raw
value of immunoreactivity per cell (IR/C). The average raw IR/C of the
control slices (i.e., background fluorescence) was subtracted from that
of each group of experimental slices to obtain the calibrated IR/C
(termed “THC signal” in the Figures).

2.5. Plasma preparation and ELISA

Wild type and Reck mutant mice (all in a C57BL/6J background, 2-5
months old) were anesthetized with isoflurane (inhalation) just before
injection of GHRP-2 (Kaken; 20 mg/kg-body weight, i.v.) or Octreotide
(Novartis; 1 mg/kg-body weight, s. c.). Animals were fasted for 16 h
before injection of GHRP-2. Whole blood was collected from the tail tip
before and 30-min after peptide injection and centrifuged in EDTA-
coated tubes to separate the cells. The supernatant (plasma) was stored
at —80 °C until use. The levels of GH, IGF1, and IGFBP3 in the plasma
were determined using ELISA kits (GH: EZRMGH-45K, Merck Millipore;
IGF1: MG100, R&D; IGFBP-3: MGB300, R&D) following the manufac-
ture's protocols. The sensitivity (the lowest detectable level), intra-assay
CV%, and inter-assay CV% of the kits are as follows: GH (0.07 ng/ml,
2.6%, 4.2%), IGF1 (1.6 pg/ml, 4.3%, 6.0%), IGFBP-3 (2.74 pg/ml,
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4.8%, 7.2%).
2.6. Immunoblot assay

In the experiments shown in Figs. 4m and 4o, one pituitary gland
was suspended in 30 pl lysis buffer containing 50 mM Tris pH 7.5, 0.5 M
NaCl, 1% NP40, 0.1% SDS, 0.5% deoxycholate, 5 mM N-ethylmalei-
mide, and 20x Protease inhibitor cocktail (03969, Nakarai, Japan),
homogenized by vigorous shaking with silicon beads (2 mm ®) using
ShakeMan (BMS, Japan) for 15 s, followed by sonication (UR-20P,
TOMY, Japan) for a total of 10 s on ice. After 10 min centrifugation
(16,500 X g) at 4 °C, the supernatant was separated, mixed with 10 pl 4x
Laemmli sample buffer (without reducing agent), and incubated at
room temperature for 5 min before SDS-PAGE (one pituitary per lane).
Immunoblot assays were performed using anti-GHRHR or anti-GHSR
antibodies (Table S1) as primary antibodies, HRP-conjugated goat anti-
Rabbit IgG (Santa Cruz) as secondary antibodies, and GAPDH (V-18)
HRP (sc-20357, SantaCruz) as the internal control.

2.7. qRT-PCR

Total RNA was extracted from tissues using NucleoSpin RNA
(MACHEREY-NAGEL) for liver RNA and ReliaPrep RNA Cell Miniprep
System (Promega, Z6011) for pituitary RNA. qRT-PCR was performed
with the Mx3005P QPCR System (Stratagene) using GoTaq Probe 1-Step
RT-qPCR System (Promega, A6120) for mouse Reck and GoTaq 1-Step
RT-qPCR System (Promega, A6020) for mouse Ghrhr, Ghsr, Sstr2, Sstr5,
Ghr, Mars, and Gapdh. Primers for qRT-PCR are listed in Table S2.

2.8. Statistics

Quantitative data are presented as mean * s.e.m. Comparison
between two groups was performed using the F-test and Student's T-test
in Excel. Comparison among more than two groups was performed
using the Bartlett's test to assess homogeneity of variance and the
Welch's t-test and One-way ANOVA to assess differences in the mean
values when the variance was homogeneous; when the variance was
heterogeneous, Welch's t-test and the Kruskal-Wallis test followed by
the Mann-Whitney U test with Bonferroni correction was used to assess
the significance of differences. P values < 0.05 were considered sig-
nificant.

3. Results
3.1. Reck-expressing cells are found in the ARH and AP in adult mice

To investigate the functions of RECK in adult mice, we visualized
Reck-expressing cells in vivo using two lines of Reck-reporter mice: [3-
gal-reporter (Fig. S1a) and FL-reporter mice (Fig. S1b). In both lines,
Reck-expressing cells can be visualized after tamoxifen (TAX)-treatment
which triggers the nuclear translocation of CreERT2 recombinase,
consequent excision of the intervening poly-A signal, and expression of
the marker gene (Fig. S1). In the p-gal reporter mouse (Reck® ERT2/
*;R26R), TAX-treatment followed by X-gal staining results in blue
signals in Reck-expressing cells [Fig. Sla; Fig. S2a(1)]. In the FL-re-
porter mouse (Reck®RT™2/*:mTmG), Reck-expressing cells emit green
fluorescence after TAX-treatment on a background of the other cells
emitting red fluorescence [Fig. S1b; Fig. S2a(2)].

These reporter systems are not as efficient as immunohistochemical
staining and in situ hybridization (see below, also see Fig. S1), but they
allow gene expression to be directly and clearly visualized, even in
whole-mount tissue samples. In a previous study using these reporter
mice, we found that Reck-expression was generally low in the adult
mouse brain but upregulated in the hippocampus after transient cere-
bral ischemia (Matsuzaki et al., 2018b). In the present study, we found
strong signals in two sites in the ventral part of the brain: the arcuate
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nucleus of the hypothalamus (ARH; Fig. 1a and b) and the pituitary
gland (Fig. 1¢). The signals in the pituitary gland were abundant mainly
in the AP (Fig. 1d and e) where various hormone-producing cells reside.
We therefore set out to determine the identity of these cells.

We first estimated the labeling efficiency of RECK in adult FL-re-
porter mice. Nine-week old FL-reporter mice were treated with TAX for
one week to permit the expression of mG in RECK expressing cells (Fig.
S1b; Fig. S3a). Mice were then euthanized and pituitary slices were
prepared and subjected to immunofluorescence staining (IF) with rabbit
anti-RECK antibodies (Fig. S3a, magenta signals). Morphometric
quantification indicated that ~74% of all AP cells were positive for
RECK-immunoreactivity (Fig. 2a, bar 1) and ~45% were also positive
for green fluorescence (Fig. 2a, bar 2). Of note, green cells are almost
always positive for magenta in the merged images (Fig. S3a, panel 6),
indicating that ectopic GFP expression is rare in this system, and that
RECK-positive cells identified by Cre-mediated recombination are also
identified as RECK-positive cells by immunohistochemistry. Thus, a
rough estimate of the labeling efficiency of RECK-positive cells in this
system is ~61% (i.e., 45/74). Although the efficiency is moderate, this
system is the best choice for double labeling, since the antibodies
against RECK and most of the AP cell-type markers (see below) are of
rabbit origin (Table S1), making it difficult to perform double im-
munofluorescence staining.

Thus, we performed immunofluorescence staining of pituitary slices
prepared from FL-reporter mice. Mice were treated with TAX from
week 9 to label Reck-expressing cells with mG, and the mice were eu-
thanized and pituitary slices were prepared at week 10. The six major
cell types found in the AP were identified using antibodies against
growth hormone (GH), prolactin (PRL), thyroid stimulating hormone

a R26R ReckCreERT2ZR26R
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(TSH), smooth muscle actin (SMA; vascular smooth muscle cells), CD31
(vascular endothelial cells), or Nestin (Fig. 2b; Fig. S3b). Among the
hormone-producing cells in the AP, GH-positive cells (somatotrophs)
are the most abundant (~50%) and PRL-positive (15-20%) and TSH-
positive cells (~5%) are less abundant (Mitrofanova et al., 2017). We
counted the nuclei (blue) and immunoreactive cells (magenta) in
images such as those shown in Fig. 2b to estimate the proportion of
each cell type (Fig. 2c). Our data are largely consistent with those in the
literature and indicate that the proportion of GH-positive cells in this
region is ~54% (Fig. 2c, bar 2). We also counted green-magenta doubly
positive cells to estimate [1] the proportion of each cell type among the
Reck-expressing cells (Fig. 2d) and [2] the relative abundance of Reck-
expressing cells in each cell type (Fig. 2e). Our data indicate that a large
proportion of Reck-expressing cells in the AP are somatotrophs (Fig. 2d)
and that the majority of somatotrophs express Reck (Fig. 2e, bar 1).

3.2. Phenotypes of Reck mutant mice

Reck is essential for mouse embryogenesis (Oh et al., 2001). To
investigate the functions of Reck in postnatal mice, we examined the
properties of three viable Reck mutant lines with different RECK ex-
pression levels and/or different timing of Reck reduction (Fig. 3a). The
first line, Reck-null heterozygote (Reck ™), expresses RECK at ~50% of
the normal level throughout life [Fig. S2b(3)]. The second line, Hypo
(Reck!), expresses RECK at ~20% of the normal level throughout life
[Fig. S2b (4)] (Yamamoto et al., 2012). The third line, iKO (Reck“™ERT2/
flex1y " is newly developed in this study: this line originally expresses
RECK at ~50% of the normal level, but after TAX-treatment, the Reck
gene is inactivated in the cells that are competent to express Reck [Fig.

1 R26R

2 ReckCrERTZR26R

AP P PP

Fig. 1. Reck-expressing cells in adult mice. (a) Ventral view of the whole brain (1, 2) and sagittal cross sections of the brain (3, 4) from R26R mice (1, 3; background
control) and Reck¢™ERT?/*:R26R mice (2, 4; B-gal reporter mouse) treated with TAX from 9 weeks (5 times, every 24 h) and euthanized at 10 weeks after birth.
Samples were subjected to X-gal staining (blue signals) to detect Reck-expressing cells. Red arrow: a prominent cluster of blue signals. (b) Coronal section focusing on
the hypothalamic region of the brain from a Reck“"*f™2/*:R26R mouse after X-gal staining (blue) and nuclear counter-staining (red). A magnified view of the boxed
area in panel 1 is shown in panel 2. Note the prominent cluster of blue signals in the arcuate nucleus of the hypothalamus (ARH). (c) Pituitary gland of an R26R
mouse (1; background control) and a Reck®“*R™/*:R26R mouse (2; B-gal reporter mouse) after X-gal staining. T: trigeminal nerve. P: pituitary gland. Note the
intense blue signals in the pituitary gland of B-gal reporter mouse (red arrow in 2). (d) Section of the pituitary gland from a Reck““*R™2/*:R26R mouse after X-gal
staining (dark blue) and nuclear counter-staining (red). AP: the anterior pituitary. IP: the intermediate lobe of the pituitary. PP: the posterior pituitary. Magnified
view of the boxed area in panel 1 is shown in panel 2. (e) Fluorescent micrograph of a section of the pituitary gland from a Reck“™®R?/*;mTmG mouse treated with
TAX from 9 weeks (5 times, every 24 h) and euthanized at 10 weeks after birth. Green: Reck-expressing cells. Red: other cells. Blue: nuclei. Note the green cells
abundant in the AP. Scale bar: 1 mm in a and ¢, 200 ym in b and d, 50 pm in e.
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Fig. 2. Abundance and identity of Reck-expressing cells in the AP. (a) Abundance of RECK-positive cells. Bar 1: abundance assessed by immunofluorescence staining
with anti-RECK antibodies (Fig. S3a, panels 4 and 6). Bar 2: abundance assessed by CreERT2-mediated reporter gene expression in an FL-reporter mouse (female, 10-
weeks old) treated with TAX starting from 1 week before dissection (5 times, every 24 h; Fig. S3a, panels 2 and 6). Bar 3: abundance assessed in an FL-reporter mouse
(female, 8-weeks old) treated with TAX from day 10-13 after birth (4 times, every 24 h; Fig. S4b, panels 1 and 3). Note that ~74% of all AP cells were RECK-
immunoreactive (bar 1), and among them, ~61% (i.e., 45/74) emitted green fluorescence after 1-week pulse labeling (bar 2) and ~74% (i.e., 55/74) emitted green
fluorescence after early treatment (bar 3). (b) Typical images of pituitary sections of pulse (1-week)-labeled Reck®™ERT2/* - TmG mice after immunoflorescence (IF)
staining with antibodies against various AP cell markers. The top panel in each column (magenta) shows the IF image for the indicated antigen, the second panel
shows Reck-expressing cells (green), the third panel shows nuclei (blue), and the bottom panel shows the overlay of the above three images in which magenta-green
doubly positive cells are white. Scale bar: 50 um. (c-e) Quantitative analyses of images as shown in b. The number of nuclei, IF-positive cells, Reck-positive cells, and
doubly positive cells were counted using Fiji software. The ratios of IF-positive cells to the nuclei (c), the relative frequency of the cells positive for each marker
among the Reck-positive cells (d), and the frequency of Reck-positive cells among each cell type (e) are presented as mean * sem (n = 4). Virtually no overlap was
found between the cells positive for S100B (a folliculo-stellate cell marker) and Reck-positive cells (data not show).
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Fig. 3. Phenotypes of viable Reck mutant
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between groups (%) and the significance (*p < 0.05, **p < 0.01) are shown in panels b-g.

S2b (5)]. In this mutant, Reck-knockout can be induced at any time, and
the risk of inducing developmental abnormalities (Forni et al., 2006;
Higashi et al., 2009) by systemic overexpression of CreERT2 re-
combinase is diminished. iKO mice were found to be viable and show
no gross phenotype when treated with TAX as early as day 10-13 after
birth (P10 — P13). To estimate the efficiency of induced Reck gene de-
letion in this mutant, we treated adult FL-reporter mice (Reck“ *fRT2/
*;mTmG) with TAX from P10 to P13 and euthanized the mice at 10
weeks (Fig. S4). Morphometry indicated that about 55% of all AP cells
were positive for green fluorescence (Fig. 2a, bar 3). As mentioned
above, ~74% of all AP cells were positive for RECK-immunoreactivity
at this age (Fig. 2a, bar 1). Thus, TAX treatment causes recombination
in about 74% (=55/74) of RECK:CreERT2 expressing cells. Assuming
that the efficiency of TAX-mediated nuclear translocation of CreERT2
and CreERT2-mediated DNA recombination is similar in FL-reporter
mice and iKO mice, then the efficiency of Reck deletion in iKO mice
treated with TAX will also be about 74%, generating mice which ex-
press RECK at about 13% of normal: iKO mice are RECK haploids and
express RECK at 50% of normal. TAX-treatment deletes the RECK gene
from approximately 74% of the RECK expressing cells. Therefore, ap-
proximately 26% of the original RECK expressing cells continue to be
RECK haploids, with each cell expressing RECK at 50% of normal.

As reported previously, Hypo mice show limb abnormalities
(Yamamoto et al., 2012). We found in this study that adult Hypo mice
(both male and female) have lower body weights (Fig. 3b, d, group 4;
Fig. S5a, b, red dots) and body lengths (Fig. 3c, e, group 2) than their
littermate controls. In contrast, TAX-treated iKO mice have no obvious
developmental abnormalities, but they show a mild but significant re-
duction in their body weights and body lengths compared to their lit-
termate controls (Fig. 3f and g, group 2; Fig. S5c, d, purple dots). There
were no significant differences in body weight between +/+, L/+
(expected RECK level: ~70% of normal), and + /- mice (RECK level:

50% of normal) (Fig. S6a). Taken together, these findings suggest that
Reck might affect the body size of mice.

Somatotrophs produce GH, and GH induces IGF1 secretion from the
liver to promote somatic growth. IGF1 is used to screen for GH ab-
normality in the clinic: GH secretion is pulsatile in nature and is af-
fected by many factors such as sleep, feeding, and exercise, whereas
IGF1 levels do not undergo such short-term fluctuations (Ketha and
Singh, 2015). We therefore determined the concentration of circulating
IGF1 in these mice (Fig. 3h and i). The level of plasma IGF1 was clearly
lower in Hypo mice and mildly lower in TAX-treated iKO mice com-
pared to normal mice. These results suggest that GH secretion is ab-
normal in Hypo and TAX-treated iKO mice, raise the possibility that
RECK has a positive effect on GH secretion.

The secretory pattern of GH differs between the sexes; in males it is
more pulsatile than in females (Jansson et al., 1985). Therefore, since
we found that Reck mutations affect body size in both males and fe-
males (Fig. 3b—e; Fig. S5), we chose to focus on female animals in the
rest of this study.

3.3. Somatotrophs and GH in mice with reduced RECK expression

To test the possibility that RECK directly affects somatotrophs, we
stained pituitary slices prepared from normal mice and the three Reck
mutant lines (see Fig. 3a and Fig. S2b) with anti-GH antibodies (re-
presentative images are shown in Fig. S7a and densitometric quantifi-
cation in Fig. S7b). The intensity of GH-signals in the AP is slightly
lower in Reck ™/~ mice, normal in Hypo mice, and substantially lower in
TAX-treated iKO mice (Fig. S7b). Hence, somatotrophs seem to be intact
in Hypo mice but are affected in TAX-treated iKO mice.

The concentration of plasma GH in four groups of mice is shown in
Fig. S7c. Due to the large inter-animal variation, significant difference
between the groups could not be detected, but the average GH
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Fig. 4. Effects of Reck mutations on four GPCRs involved in the regulation of GH-secretion from somatotrophs. (a—d) Immunofluorescence staining of AP sections
from four groups of female mice using antibodies against two stimulatory GPCRs [GHRHR (a) and GHSR (b)] and two inhibitory GPCRs [SSTR2 (c) and SSTR5 (d)].
Representative immunofluorescence images (1-4) and the corresponding nuclear images (5-8) are shown. Scale bar: 50 um. (e-h) Intensity of immunofluorescence
signals for the indicated receptors in AP sections from four groups of female mice (n = 4). Integrated density of far-red fluorescence in the images such as those
shown in a-d was determined using Fiji software. (i-1) The levels of the indicated mRNA in the AP from four groups of female mice (n = 4). Total RNA extracted from
the AP was subjected to qRT-PCR using the primer sets listed in Table S2. The data were normalized against the house-keeping gene Mars (Methionyl-tRNA
synthetase). The significance of the differences among four groups of data was assessed by one-way ANOVA and the Mann-Whitney U test (see Fig. S9); when
appropriate, the significance of the differences between the wild type group and each mutant group was assessed by Student's T-test (*P < 0.05, **P < 0.01). The
findings are summarized in Fig. 6a (blue shading). (m-p) Effects of Reck on GHRHR (m-o0) and GHSR (p-r) expressed in the pituitary gland. Lysates of pituitary
glands were prepared from the indicated mice and subjected to immunoblot assay using anti-GHRHR (m, upper panel) or anti-GHSR (p, upper panel) followed by re-
probing of the same blot with anti-GAPDH (m, p, lower panels, respectively). F: female. M: male. Results of the densitometric quantification of the data shown in m
and p, normalized against GAPDH, are summarized in n and q, respectively. Bar: mean = sem. *P = 0.035, **P = 0.0011. The data (average band density and P-
value) for males and females (n = 2) are separately shown in o and r.
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concentration seems to be higher in the three Reck mutants compared to
the normal mice (Fig. S7c, solid bars). Fasting is known to elevate the
level of plasma GH in mice (Luque et al., 2007). After fasting for 16 h
(Fig. S7c, open bars), the average GH concentration was indeed in-
creased in normal mice as well as in Reck /" mice. Interestingly,
however, fasting seems to have little influence on GH concentration in
Hypo mice and fasting appeared to decrease GH concentration in TAX-
treated iKO mice. Although very preliminary, these data suggest that
RECK may influence GH secretion and its response to fasting. Since the
average GH level in the TAX-treated iKO mice fed ad libitum was higher
than in normal mice (Fig. S7c, bars 7 vs. 1), the dramatic decrease in
GH immunoreactivity found in the AP of TAX-treated iKO mice (Fig.
S7a, panel 8; Fig. S7b) might not represent a large decrease in the
number of somatotrophs but rather an alteration in some property of
the somatotrophs in these animals, for example an increase in the GH
secretion/GH expression ratio.

3.4. Responses of Reck mutant mice to GHRP-2 and octreotide

We also tested the effects of two synthetic peptides, GHRP-2 (GHSR
agonist) and Octreotide (SSTR2 agonist), on circulating GH in these
mice. It is known that GHRP-2 stimulates and Octreotide inhibits GH
secretion. Peripheral blood samples were collected before and 30 min
after injection of either GHRP-2 or Octreotide, and the plasma GH
concentration was determined (Fig. S8c, d; data summarized in Fig.
S7d, e). Interestingly, Hypo mice showed increased sensitivity to GHRP-
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2 (Fig. S7d, bar 3), and TAX-treated iKO mice showed increased sen-
sitivity to Octreotide (Fig. S7e, bar 5). Thus, RECK may affect the
sensitivity of somatotrophs to these peptides. These findings prompted
us to determine and compare the levels of relevant hormone receptors
expressed on somatotrophs in these mice.

3.5. Reck affects the levels of several GPCRs expressed in the AP

Pituitary slices prepared from the four lines of mice were subjected
to immunofluorescence staining with antibodies against two stimula-
tory hormone receptors (GHRHR, GHSR) and two inhibitory hormone
receptors (SSTR2, SSTR5) expressed on somatotrophs (Fig. 4a—-d), and
the fluorescence intensity of the images acquired under comparable
conditions was quantified (Fig. 4e-h; Fig. S9e-h). All these hormone
receptors belong to the GPCR family. We also extracted total RNA from
the AP and estimated the levels of mRNAs encoding these hormone
receptors by quantitative reverse transcription-polymerase chain reac-
tion (QRT-PCR) (Fig. 4i-l; Fig. S9i-1).

When RECK was constitutively reduced to half or to ~20% of the
normal level (i.e., Reck ¥/~ or Hypo), the stimulatory hormone receptor
GHRHR was downregulated at the mRNA level (Fig. 4i, bars 2, 3) but
unchanged at the immunoreactivity level (Fig. 4e, bars 2, 3). This is in
sharp contrast to TAX-treated iKO mice in which GHRHR was drama-
tically decreased at the immunoreactivity level (Fig. 4e, bar 4) but in-
creased at the mRNA level (Fig. 4i, bar 4).

The other stimulatory hormone receptor GHSR showed a similar

a Liver
++ +- Hypo iKO
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GHR
Nuclei
b C Liver Ghr mRNA d Plasma IGFBP3
= __ 200 500
< g g5
g g% S 400 1, S
i S 100 < = . . .
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Fig. 5. Evaluation of liver GHR and plasma IGFBP3. (a) Histology of the liver. Slices of the liver from the indicated mice (female) were subjected to HE staining
(panels 1-4) or immunofluorescence staining with anti-GHR antibodies (panels 5-8) followed by nuclear counter-staining (panels 9-12). Typical images from about
the same areas in the liver are shown. Scale bar (50 pm) in panel 1 is for panels 1-4, and that in panel 5 is for panels 5-12. (b) Intensity of GHR-immunofluorescence
signals in liver sections from four groups of female mice (n = 4). Integrated density of far-red fluorescence in the images such as those shown in a was determined
using the Fiji software. (c) The levels of Ghr mRNA in the liver from four groups of mice (n = 2). Total RNA extracted from the liver was subjected to qRT-PCR using
the primer sets listed in Table S2 and normalized against Mars. (d) Plasma IGFBP3 in four groups of female mice (15-18 weeks after birth).
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pattern to GHRHR expression in Reck */" mice, decreased mRNA and
unchanged immunoreactivity (Fig. 4j, f, bar 2). This contrasts with
GHSR in Hypo and TAX-treated iKO mice in which GHSR was decreased
at the immunoreactivity level but increased at the mRNA level (Fig. 4f,
i)}

The level of the inhibitory hormone receptor SSTR2 was decreased
at both the immunoreactivity and mRNA levels in Reck*”", Hypo, and
TAX-treated iKO mice (Fig. 4g, k). Expression of the other inhibitory
hormone receptor, SSTR5, in Reck ™/~ and Hypo mice was similar to
that of SSTR2 (Fig. 4h, 1). However, expression of SSTR5 in TAX-treated
iKO mice was not different from the control mice (Fig. 4h, 1, bar 4).
These observations are summarized in Fig. 6a, and our interpretations
are described in the Discussion.

We also performed immunoblot assays for the two stimulatory re-
ceptors using pituitary gland lysates (Fig. 4m, p). This assay is techni-
cally challenging since the organ is small (the amount of protein per
sample is limited) and mild conditions are necessary to solubilize
GPCRs. Nevertheless, we could detect decreases in the intensity of the
GHRHR band in samples from TAX-treated mice (Fig. 4m-o) and de-
creases in the intensity of the GHSR band in samples from Hypo mice
(Fig. 4p-1). Thus, the results obtained from immunofluorescent staining
of AP tissue slices are in accord with the results of the immunoblot
assays.

3.6. Growth hormone receptor (GHR) in the liver

A major target organ of circulating GH is the liver where the hor-
mone binds GHR and transduces signals to stimulate IGF1 production
(Dehkhoda et al., 2018). RECK is detectable in the liver of adult mice
(Fig. S10, lane 2). We therefore performed immunofluorescence
staining and qRT-PCR to characterize GHR expressed in the liver of
normal and Reck mutant mice (Fig. 5a—c; Fig. S6b). In Reck */" mice,
GHR was decreased at the immunoreactivity level (Fig. 5b, bar 2) but
not at the mRNA level (Fig. 5c, bar 2). In Hypo mice, on the other hand,
GHR was decreased at the immunoreactivity level (Fig. 5b, bar 3) but
increased at the mRNA level (Fig. 5c, bar 3). In TAX-treated iKO mice,
the amount of GHR was comparable to that in normal mice both at the
immunoreactivity and mRNA levels (Fig. 5b and c, bar 4). The results
are summarized in Fig. 6a, and our interpretations are described in the
Discussion.

Since IGF binding protein-3 (IGFBP3) is known to be important in
maintaining circulating IGF1 (Ohlsson et al., 2009), we determined the
levels of IGFBP3 in the plasma of these mice (Fig. 5d). There were no
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significant differences in plasma IGFBP3 levels between any of the
mutant mice and normal mice (Fig. S6¢).

4. Discussion

In the mouse embryo, Reck is expressed in multiple tissues and is
critical for development and survival (Oh et al., 2001; Echizenya et al.,
2005; Kondo et al., 2007; Muraguchi et al., 2007; Chandana et al.,
2010; Yamamoto et al., 2012; Almeida et al., 2015; Cho et al., 2017). In
contrast, Reck expression in adult mice is found only in restricted areas
(e.g., see Fig. 1), and the mouse is viable when Reck-deletion is induced
(at an efficiency of ~74%) generating mice that express RECK at ap-
proximately 13% of normal as early as 10 days after birth (i.e., TAX-
treated iKO mice). Thus, near the end of embryogenesis or during early
postnatal life, a transition in the role of RECK from a regulator of sys-
temic tissue remodeling to a more specialized function seems to takes
place.

A clue to the biological function of a gene may be obtained from the
pattern of its expression in the body. Using two Reck reporter lines
recently developed (Fig. S1) (Matsuzaki et al., 2018b) we initially found
that RECK is expressed in two small regions in the basal part of mouse
brain: the ARH and AP (Fig. 1). Our data also suggest that a large
proportion of somatotrophs express Reck.

A more direct approach to understanding the biological functions of
a gene is to inactivate the gene in animals. In the case of Reck, however,
complete inactivation in mice results in embryonic death and thus
provides no clue to its functions in postnatal life. To circumvent this
obstacle, we employed two viable Reck mutant lines in this study: Hypo
and iKO. An important feature of Hypo mice is that the level of RECK
expression is chronically and uniformly low (~20% of the normal level)
throughout their lives. However, the limb abnormalities (Yamamoto
et al., 2012) and possible developmental adaptation/compensation to
the chronic shortage of RECK in Hypo mice may complicate the inter-
pretation of experimental results. The iKO mutant, on the other hand,
expresses RECK at approximately 50% of normal, and the RECK * line,
which also expresses RECK at 50% of normal, has no apparent defects.
The iKO mouse can be treated with TAX to reduce RECK expression to
approximately 13% of normal (see Results section 3.2). When iKO mice
are treated with TAX on or after P10, developmental adaptation/com-
pensation to low RECK expression is expected to be milder than in the
Hypo mouse. A drawback of the iKO mouse, however, is that the effi-
ciency of gene deletion is not 100% and cells that continue to express
RECK (approximately 26% of originally RECK-positive cells in the case
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of the AP) may complicate the interpretation of experimental results.
We therefore reasoned that the comparison of these two mutant lines
that had been made RECK deficient by different strategies could lead us
to a better understanding of the role for RECK in postnatal mice. Im-
portantly, Hypo and TAX-treated iKO mutants share a similar set of
phenotypes: decreased body sizes and lower plasma IGF1 levels than
the control mice.

The sites of abundant Reck expression in adult mice (i.e., the ARH
and somatotrophs) and the reduced IGF1 levels in these Reck mutant
mice raised the obvious possibility that RECK influences body size by
affecting GH production. We tested this hypothesis by comparing the
expression of GH in the AP (Fig. S7a, b) and the levels of circulating GH
in untreated mice (Fig. S7c, solid bar), the effects of fasting on the levels
of circulating GH (Fig. S7c, open bar), the effects of two synthetic
peptides (GHRP-2, octreotide) on the levels of circulating GH (Fig. S7d,
e; Fig. S8c, d), the status of several membrane receptors involved in the
regulation of GH secretion in the AP (Fig. 4), and the expression of GHR
in the liver (Fig. 5a-c) between control and Reck mutant mice. The
results are schematically summarized in Fig. 6a. In the case of Hypo
mice, alterations in two molecules are notable: decreased
munoreactivity of two proteins, GHSR in the AP and GHR in the liver,
with concomitant increases in their mRNAs (see red boxes in the
column “Hypo” in Fig. 6a). Our immunoblot data (Fig. 4p-r) confirm
that the decrease in GHSR immunoreactivity in the AP represents a
decrease in the amount of this protein. In the case of TAX-treated iKO
mice, the decreases in the immunoreactivity of two proteins, GHRHR
and GHSR in the AP, again with concomitant increases in their mRNAs
were noted (see red boxes in the column “iKO” in Fig. 6a). Our im-
munoblot data (Fig. 4m—-o) confirm that the decrease in GHRHR im-
munoreactivity represents a decrease in the amount of this protein.
These findings implicate RECK in keeping the amounts of some of the
membrane receptors involved in the GH/IGF1 axis at proper levels.

How can the phenotype of each Reck mutant line be explained?
Given the known function of RECK as a membrane-anchored regulator
of metalloproteinases, it is reasonable to speculate that reduced im-
munoreactivity and a reduced immunoblot band of a membrane protein
in Reck mutant mice represent degradation of that protein. The previous
observations that liver-specific knockout of Igfl gene results in upre-
gulation of Ghrhr and Ghsr gene expression in the AP (Sjogren et al.,
2002) suggest that IGF1 mediates negative feedback regulation of these
genes. Hence, the decreased immunoreactivities of GHRHR and/or
GHSR with concomitant increase in corresponding mRNA(s) found in
Hypo and TAX-treated iKO mice (red boxes in the blue area in Fig. 6a)
may represent degradation of these GPCRs followed by feedback up-
regulation of mRNA(s) triggered, for example, by the decrease in IGF1.
On the other hand, the decrease in Ghrhr, Ghsr, and Sstr5 mRNA with no
change in immunoreactivity found in Reck */~ and Hypo mice (blue
boxes in Fig. 6a) may represent protein stabilization by unknown me-
chanisms to cope with reduced RECK. Taking these into account, the
phenotypes of each mutant may be explained as follows (Fig. 6b; Fig.
S11):

im-

[1] In Reck */" mice, GHR expression in the liver is reduced, but this
effect is masked by feedback mechanisms, such as stabilization of
two stimulatory hormone receptors GHRHR and GHSR in the AP,
preventing the decreases in body weight and IGF1 secretion.

In Hypo mice, GHR in the liver is further reduced (degraded) while
GHSR is also reduced (degraded) in the AP, making it impossible to
mask the effects of GHR reduction and hence leading to reduced
IGF1 secretion.

In TAX-treated iKO mice, two stimulatory hormone receptors,
GHRHR and GHSR, in the AP are both decreased (degraded),
leading to reduced GH secretion and reduced IGF1 secretion, al-
though GHR reduction has been reversed by an unknown me-
chanism.

[2]

[3]

10
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Our results, however, do not exclude other possibilities, such as a
role for RECK in signal transduction downstream of these receptors, or
in growth and/or differentiation of somatotrophs. Since all the Reck
mutants employed in this study are non-tissue-specific, it is possible
that the reduction of RECK in tissues that we are not focusing on is
responsible for the observed phenotypes. To clarify this point, mice
with selective Reck inactivation in specific tissues, such as the AP, ARH,
vagus nerve, and liver, need to be established and studied. In this study,
we focused on Reck-expressing cells in the AP and the phenotypes of
female mutant mice. The Reck-expressing cells in the ARH (where
GHRH-producing neurons resides among others) and the phenotypes of
male mutant mice (where pulsatile GH secretion is more prominent)
need to be examined in future studies. Likewise, our findings at the
protein level led us to focus on the positive regulators of GH secretion in
this study. In fact, however, it was the level of SSTR2 protein (Fig. 4g;
Fig. S9g) that shows the best correlation with the levels of RECK pro-
tein. The reason for this correlation and the mechanisms by which Hypo
and TAX-treated iKO mutations act differently on Sstr5 mRNA in the AP
(bars 3 and 4 in Fig. 41) and GHR in the liver (Fig. 5b) are among the
interesting questions to be addressed in future studies.

Nevertheless, our finding that the non-tissue-specific manipulation
of Reck expression results in marked phenotypes relevant to the GH/
IGF1 axis may have important clinical implications. Although RECK has
been studied as a tumor suppressor, epigenetically inactivated in a wide
variety of cancers, its contributions to somatic growth and metabolisms
have been unappreciated. For instance, a single nucleotide poly-
morphism (SNP) in the RECK promoter region, which is likely to affect
the level of RECK expression, has been implicated in susceptibility to
certain tumors. Whether a similar correlation will be detected among
people with GH/IGF1 axis-related disorders is an issue worthy of in-
vestigation.

5. Conclusions and future directions

Reck is expressed in somatotrophs in adult mice. Two viable Reck
mutants, one with greatly reduced Reck expression and the other with
postnatal Reck inactivation, exhibit common phenotypes of reduced
body size and lower plasma IGF1 levels compared to control mice. Our
experimental data suggest that the GH/IGF1 axis is affected in these
mutant mice, although the molecular mechanisms by which RECK af-
fects this endocrine regulatory pathway needs to be further clarified in
future studies.
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