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Abstract Activating mutations in fibroblast growth factor (FGF) receptor 3 and inactivating
mutations in the NPR2 guanylyl cyclase both cause severe short stature, but how these two
signaling systems interact to regulate bone growth is poorly understood. Here, we show that bone
elongation is increased when NPR2 cannot be dephosphorylated and thus produces more cyclic
GMP. By developing an in vivo imaging system to measure cyclic GMP production in intact tibia, we
show that FGF-induced dephosphorylation of NPR2 decreases its guanylyl cyclase activity in
growth plate chondrocytes in living bone. The dephosphorylation requires a PPP-family
phosphatase. Thus FGF signaling lowers cyclic GMP production in the growth plate, which
counteracts bone elongation. These results define a new component of the signaling network by
which activating mutations in the FGF receptor inhibit bone growth.

DOI: https://doi.org/10.7554/eLife.31343.001

Introduction
Longitudinal growth of limbs and vertebrae depends on division and differentiation of chondrocytes
within the cartilage growth plates located at each end of the growing bone (see Figure 2B), resulting
in formation of a scaffold that is subsequently mineralized (Kozhemyakina et al., 2015). These pro-
cesses are tightly controlled by multiple regulatory pathways. One such regulator is the natriuretic
peptide-stimulated guanylyl cyclase, natriuretic peptide receptor 2 (NPR2), also known as guanylyl
cyclase B, which is found in growth plate chondrocytes and promotes bone elongation
(Yasoda et al., 1998, Yamashita et al., 2000; Chusho et al., 2001; Tamura et al., 2004;
Bartels et al., 2004). Inactivating mutations in NPR2, which reduce cGMP, result in severe shorten-
ing of bones in mice and people, causing the condition acromesomelic dysplasia type Maroteaux
(AMDM), in which height is reduced by ~30% (Maroteaux et al., 1971, Tamura et al., 2004,
Bartels et al., 2004; Khan et al., 2012; Geister et al., 2013; Nakao et al., 2015). Conversely, activ-
ating mutations of NPR2 result in longer bones (Miura et al., 2012, Hannema et al., 2013,
Miura et al., 2014), opposite to what is seen with the AMDM patients.

Activation of the NPR2 guanylyl cyclase requires the extracellular binding of C-type natriuretic
peptide (CNP) and also the phosphorylation of multiple intracellular juxtamembrane serines and
threonines (Potter, 1998; Potter, 2011) (Figure 1A). Previous studies have established a close

Shuhaibar et al. eLife 2017;6:e31343. DOI: https://doi.org/10.7554/eLife.31343

10of 20


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7554/eLife.31343.001
https://doi.org/10.7554/eLife.31343
https://creativecommons.org/
https://creativecommons.org/
http://elifesciences.org/
http://elifesciences.org/
http://en.wikipedia.org/wiki/Open_access
http://en.wikipedia.org/wiki/Open_access

LI FE Research article Developmental Biology and Stem Cells

elLife digest Between birth and puberty, the bones of mammals grow drastically in length. This
process is controlled by many proteins, and mutations affecting these proteins can cause bones to
either be too long or too short. For example, mutations of a protein called the fibroblast growth
factor receptor, or FGF for short, and a protein called NPR2, can cause similar forms of dwarfism — a
condition characterized by short stature.

The FGF protein controls bone growth, and people with overactive receptors for FGF suffer from
a form of dwarfism known as achondroplasia, while people that lack FGF receptors have longer
bones. The NPR2 protein, on the other hand, produces a molecule called cGMP, which is necessary
for the bones to grow. When NPR2 is blocked, less cGMP is produced, which results in shorter
limbs.

Previous studies of bone cells grown in the laboratory have shown that these two proteins are
linked by a chain of chemical messages. When the FGF receptor is active, phosphate molecules are
removed from the NPR2 protein, which reduces the amount of GMP produced. However, until now
it was not known whether this mechanism also controls growth in actual bones.

Here, Shuhaibar et al. used genetically modified mice in which the phosphate group could not be
removed from their NPR2 enzyme. As a result, the bones of these mice were longer than usual.
Shuhaibar et al. then developed an imaging technique to examine the region in the bone were
growth happens. To see whether FGF reduces the amount of cGMP produced by NPR2 in these
areas, cGMP was detected with a fluorescent sensor in order to be tracked.

In normal mice, the FGF receptor reduced the rate at which cGMP was produced, but in mice
with mutated NPR2, this did not happen. When the cells could not remove the phosphates from
NPR2, cGMP levels stayed high and the bones grew longer.

These findings reveal new insights into the molecular causes of dwarfism. The next step will be to
identify the enzyme responsible for removing phosphate from NPR2. Blocking its activity could help
to enhance bone growth. In the future, this could lead to new drug treatments for achondroplasia.
DOI: https://doi.org/10.7554/eLife.31343.002

correlation between NPR2 phosphorylation and NPR2 activity (Abbey-Hosch et al., 2005;
Egbert et al., 2014; Robinson et al., 2017), and if these phosphorylation sites are mutated to ala-
nine, CNP-dependent guanylyl cyclase activity is reduced to only 6% of that of the wild type protein
(Potter and Hunter, 1998). Correspondingly, if the seven serines and threonines are mutated to the
phosphomimetic amino acid glutamate (NPR2-7E), the maximal velocity of the CNP-dependent gua-
nylyl cyclase activity is the same as that of the wild type enzyme, but does not decrease in response
to stimuli that dephosphorylate and inactivate the wild type protein (Yoder et al., 2012;
Shuhaibar et al., 2016; Robinson et al., 2017) (Figure 1A). Our previous analysis of mice in which
both copies of Npr2 were globally replaced with a sequence encoding NPR2-7E (Npr2”57) demon-
strated that dephosphorylation of NPR2 is a physiological mediator of hormonal signaling in ovarian
follicles (Shuhaibar et al., 2016). These findings led us to investigate whether the phosphorylation
of NPR2 could also be a mediator of growth factor signaling in bones.

Another essential regulator of bone elongation is FGF receptor 3 (FGFR3); activating mutations
of FGFR3 inhibit bone growth, causing achondroplasia, in which human height is reduced by ~25%
(Horton et al., 1978; Rousseau et al., 1994; Shiang et al., 1994; Naski et al., 1998; Wang et al.,
1999; Lorget et al., 2012; Lee et al., 2017; Ornitz and Legeai-Mallet, 2017). Conversely, mice
and people lacking functional FGFR3 have longer bones (Colvin et al., 1996; Deng et al., 1996;
Makrythanasis et al., 2014). Intriguingly, the greatly reduced bone length seen with activating
mutations of FGFR3, resembles that seen with inactivating mutations of NPR2, and activation of
NPR2 by increasing CNP opposes the decrease in bone growth caused by activating mutations of
FGFR3 (Yasoda et al., 2004, Yasoda et al., 2009, Lorget et al., 2012; Wendt et al., 2015). Like-
wise, the increased bone length seen with mice lacking FGFR3 resembles that seen with activating
mutations of NPR2 (Miura et al., 2012; Hannema et al., 2013; Miura et al., 2014). Furthermore,
studies of fibroblasts and chondrogenic cells derived from embryonic carcinomas and chondrosarco-
mas have indicated that FGF signaling decreases NPR2 activity (Chrisman and Garbers, 1999;
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Figure 1. Mutation of the seven regulatory serines and threonines of NPR2 to glutamates increases bone length. (A) Regulation of NPR2 activity by the
phosphorylation state of the seven juxtamembrane serines and threonines on each NPR2 monomer. Purple dots represent phosphates on these serines
and threonines. Red lines represent glutamates that are substituted for the serines and threonines. (B) Npr2”®7E mice have longer tails. Measurements
were made from 17 to 19 live mice of each genotype. (C) X-rays of representative tails from mice euthanized at 18 weeks of age. (D) Increased CA5
vertebra length in Npr2’®7¢
genotype). (E,F) Longer femurs (E) and tibias (F) in Npr2’7 vs wild type mice. (G) Increased body length in Npr2”®7€ vs wild type mice. (H) No
difference in cranial width comparing Npr2’®7€ and wild type mice. For E-H, each bar indicates measurements from 10 to 31 mice that were
euthanized at the indicated ages. All graphs show mean +s.e.m. Data were analyzed by unpaired t-tests, with the Holm-Sidak correction for multiple
comparisons where appropriate. T-tests rather than ANOVA were used because we were only interested in comparisons between genotypes at a given
age, rather than comparisons across ages. *p<0.05; **p<0.01; ***p<0.001.

DOI: https://doi.org/10.7554/eLife.31343.003

The following source data is available for figure 1:

mice compared with wild type, determined from x-ray measurements of tails at 18 weeks of age (10-13 mice of each

Source data 1. Numerical data for Figure 1B and D-H, listing individual measurments used to calculate the means and standard errors in the corre-
sponding graphs.
DOI: https://doi.org/10.7554/eLife.31343.004

Ozasa et al., 2005; Robinson et al., 2017), and that the inactivation is due to dephosphorylation of
NPR2 (Robinson et al., 2017). These studies suggested to us that dephosphorylation and inactiva-
tion of NPR2 could be a mechanism by which FGF decreases elongation of bones in vivo.
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Here we tested this hypothesis by investigating the growth of bones in Npr2”#7E mice in which
NPR2 cannot be inactivated by dephosphorylation, and found that their bones are longer than those
of wild type mice. We then developed a live tissue imaging system for monitoring the guanylyl
cyclase activity of NPR2 in intact growth plates from wild type and Npr2’57 mice that express a
FRET sensor for cGMP. Using this system, we found that FGF-induced dephosphorylation and inacti-
vation of NPR2 decreases cGMP production in growth plate chondrocytes, thus contributing to FGF-

dependent decreases in bone growth.

Results

Mice in which NPR2 cannot be dephosphorylated have longer bones
Npr2’¥7E ‘mice, in which NPR2 is modified to mimic a constitutively phosphorylated protein
(Shuhaibar et al., 2016) (Figure 1A), have longer bones. Measurements at 8-16 weeks of age
showed that the tails, femurs, tibias, and bodies of Npr27E/7E mice were 8% to 14% longer than wild
type (Figure 1B,E,F,G; Figure 1—source data 1). Differences in limb and body length were seen as
early as 4 weeks (Figure 1E-G). The fifth caudal vertebra was 18% longer, as measured at 18 weeks
(Figure 1C,D; Figure 1—source data 1). These results indicate that when NPR2 cannot be inacti-
vated by dephosphorylation, endochondral bone growth is increased. The width of the cranium,
which is dependent on membranous, not endochondral, bone growth was unaffected (Figure 1H;
Figure 1—source data 1). The increases in body and bone length, which resulted from an inability
of NPR2 to be inactivated by dephosphorylation, phenocopied those previously reported for mice in
which NPR2 activity was increased by overexpression of the NPR2 agonist CNP or by an activating
mutation in the NPR2 guanylyl cyclase domain (Yasoda et al., 2004; Miura et al., 2012) and in a
human patient with the same activating mutation in NPR2, who was 14% taller than average at 15

years of age (Miura et al., 2012).

Npr275/7E mice have longer bones due to a direct effect of the
mutations on NPR2 function in the bone itself

Because NPR2 is expressed in tissues outside of the bone growth plate, including the pituitary and
gastro-intestinal tract (Tamura and Garbers, 2003; Sogawa et al., 2010), we tested whether the
longer bones of the Npr2’#7&

action on other tissues. To do this, we cultured isolated tibia from 3 to 4 day old mice, such that we

mice resulted from a direct action on bone rather than an indirect

could measure growth rates in the absence of extrinsic hormonal or nutritional effects.

When first dissected, Npr2’¥7F and wild type tibia did not differ in length (Figure 2A-C; Fig-
ure 2—source data 1). Measurements were made by adding the lengths of the proximal and distal
epiphyses and the calcified ossification center (Figure 2B). The absence of a detectable difference in
length is consistent with previous studies showing no difference in body or tibia length at birth com-
paring mice with inactivated NPR2 and wild type mice (Tamura et al., 2004). Likewise, little or no
difference in body or bone length is seen at birth of humans with inactivating NPR2 mutations
(Bartels et al., 2004). These previous studies indicate that NPR2 activity is not required for prenatal
bone elongation. However, when bones of newborn mice were placed in culture, the rate of bone
elongation over a 6 day period was reduced if the Npr2 gene was disrupted (Tamura et al., 2004).
Correspondingly, when cultured in the presence of 1 uM CNP and measured over a period of 6
days, the rate of bone elongation was greater for Npr2’®7F compared with wild type tibia
(Figure 2A,D; Figure 2—source data 1). Because the growth plate is located within the epiphysis
region (Figure 2B), we also measured the rate of elongation within this specific region. For the prox-
imal epiphysis, there was a 14% greater elongation rate for Npr2’¥7E compared to wild type
(Figure 2E; Figure 2—source data 1). These results show that Npr2’¥7€ mice have longer bones
due to a direct effect of the mutations on NPR2 function within the bone itself.

Interestingly, there was no effect of the Npr2”57E mutations on bone elongation in medium with-
out added CNP (Figure 2F,G; Figure 2—source data 1). This result suggests CNP produced by the
bones of 3-10 day old mice is not sufficient to activate NPR2, at least under our culture conditions.
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Figure 2. Npr2’®7F mice have longer bones due to a direct effect on the bone. (A) Representative wild type and
Npr2’57E tibia from 3 to 4 day old mice, cultured in vitro for 6 days in the presence of 1 uM CNP. (B) Diagram
showing the methods of measurement, and the position of the growth plates. Graphs C,D, and F depict
measurements of the sum of the three indicated lengths: the proximal epiphysis (left), the calcified ossification
center, and the distal epiphysis (right). Graphs E and G depict measurements of the length of the proximal
epiphysis only. For graphs D-G, the elongation rate was determined by subtracting the length at day 0 from the
length at day 6, and dividing by é days. (C) Tibia length immediately after dissection. 44 wild type and 79 Npr2’®
’E bones were measured. (D,E) Rates of bone elongation in the presence of 1 uM CNP. (D) shows the elongation
rate of the entire bone, and E shows the elongation rate of the proximal epiphysis. 21 wild type and 41 Npr2’®7&
bones were measured. (F,G) Rates of bone elongation in the absence of added CNP. (F) shows the elongation
rate of the entire bone, and G shows the elongation rate of the proximal epiphysis. 23 wild type and 38 Npr2’7F
bones were measured. Data were analyzed by unpaired t-tests. *p<0.05; **p<0.01.

DOI: https://doi.org/10.7554/eLife.31343.005

The following source data is available for figure 2:
Source data 1. Numerical data for Figure 2C-G, listing individual measurments used to calculate the means and

standard errors in the corresponding graphs.
DOI: https://doi.org/10.7554/eLife.31343.006

Measurements of cGMP production in living growth plates
To establish a method to investigate the signaling mechanisms underlying the increased bone
growth in Npr2’®7E mice, we developed a live imaging technique for monitoring NPR2 guanylyl
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cyclase activity in intact growth plates, using mice that globally express a sensor for cGMP, cGi500
(Russwurm et al., 2007; Thunemann et al., 2013; Shuhaibar et al., 2015). NPR2 activity has been
previously measured using homogenates of fetal tibia (Yasoda et al., 1998) and membrane prepara-
tions from chondrocyte cell lines (Ozasa et al., 2005; Robinson et al., 2017). The availability of mice
expressing a sensor for cGMP, combined with the development of a new method to visualize chon-
drocytes in live and intact growth plates by confocal microscopy, allowed us to measure NPR2 activ-
ity under physiological conditions and with high spatial and temporal resolution. cGi500 is
comprised of cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP), linked by a cGMP-
binding domain; the sensitivity of cGi500 to cGMP is based on Forster resonance energy transfer
(FRET). Binding of cGMP to the linker domain causes the CFP and YFP domains to move farther
apart. The proximity of CFP and YFP can be detected by imaging cells using a 440 nm laser to excite
CFP; the energy emitted by CFP then excites YFP in proportion to the distance between the two flu-
orophores. Thus measurement of the relative intensities of the light emitted by CFP and YFP pro-
vides an indicator of the cGMP concentration. The CFP/YFP emission ratio is higher when the cGMP
concentration is higher, with a half-maximal response at 500 nM cGMP, and a dynamic range
of ~100 nM to ~3 uM cGMP (Russwurm et al., 2007).

Tibias were removed from newborn mice expressing cGi500, and placed in culture on a Millicell
membrane. After 1-2 days in culture, the growth plate was exposed by cutting away the overlying
tissue (Figure 3A), thus allowing imaging and rapid exchange of solutions. A tibia was then placed
in a perfusion slide (Figure 3B,C) on the stage of a confocal microscope. Excitation of CFP resulted
in fluorescence in all regions of the growth plate (Figure 3D), allowing identification of chondrocytes
at different stages of development, based on the shape of the cells: round (also called resting),
columnar (also called proliferating), and hypertrophic (Kozhemyakina et al., 2015; Ornitz and
Legeai-Mallet, 2017). Columnar cells that are beginning to increase their volume, referred to as
‘prehypertrophic’, express both NPR2 and FGFR3 (Yamashita et al., 2000; Chusho et al., 2001,
de Frutos et al., 2007; Kozhemyakina et al., 2015). We used this columnar/prehypertrophic region
for the FRET measurements (Figure 3E), such that FGF effects on NPR2 activity could be
investigated.

To measure the CNP-dependent guanylyl cyclase activity of NPR2, we first recorded baseline
images of CFP and YFP emission in the absence of CNP. After establishing the baseline ratio, we
perfused 100 nM CNP through the imaging chamber. 100 nM is close to the ECsq for activation of
NPR2 expressed in a HEK cell line (Shuhaibar et al., 2016). In response to CNP, the CFP emission
intensity increased and the YFP emission intensity decreased (Figure 3F), resulting in a higher CFP/
YFP ratio (Figure 3G) and indicating an increase in cGMP due to activation of NPR2. Thus, confocal
microscopy of isolated tibia expressing cGi500 allowed us to monitor NPR2 activity in the live and
intact growth plate for the first time.

The methods described here are useful for comparing rates of cGMP production by NPR2 under
different experimental conditions as will be described below. However, they cannot be interpreted
as a measure of cGMP levels in chondrocytes in an intact mouse, because CNP concentrations in the
extracellular space around the cells of the growth plate in vivo are unknown. In our isolated tissue
preparation, in which the tibia is sliced to expose the growth plate, CNP can diffuse between the
extracellular space into the large volume of culture medium. Therefore the cGMP level in the
absence of added CNP in the medium is not an indicator of the cGMP concentration in vivo.

FGF reduces NPR2 guanylyl cyclase activity in the growth plate

To investigate whether FGF signaling reduces NPR2 activity within growth plate chondrocytes, we
incubated cGi500-expressing tibias with or without FGF18, and imaged the fluorescence of chondro-
cytes in the columnar/prehypertrophic region. Among the many FGF isoforms, we used FGF18
because it is one of the two redundant FGF isoforms that function to activate FGFR3 in the growth
plate (Ornitz and Marie, 2015; Hung et al., 2016). In tibias without FGF18 pretreatment, perfusion
of CNP through the imaging chamber caused a large increase in the concentration of cGMP
(Figure 4A; Figure 4—source data 1). However, if the tibias were pretreated with FGF18, the CNP-
induced increase in cGMP was smaller (Figure 4A,G; Figure 4—source data 1). These results indi-
cate that in chondrocytes within a living growth plate, FGF signaling reduces the activity of the
NPR2 guanylyl cyclase. Similar results were obtained with FGF18 or control pretreatment times of
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Figure 3. Imaging of CNP-stimulated cGMP production in chondrocytes within intact growth plates. (A) Preparation of a tibia from a newborn mouse
expressing the cGi500 sensor for cGMP. (B) Tibia in a perfusion slide in which medium could be flowed across the growth plate surface while imaging.
(C) Higher magnification image of the tibia in the perfusion slide. (D) Confocal image of fluorescence of the entire growth plate. (E) Higher
magnification image of the columnar/prehypertrophic region that was used for measurements of cGMP (from a different tibia from that shown in D). (F,
G) Time courses of CFP and YFP emission intensities and the CFP/YFP ratio, before and after perfusion of 100 nM CNP.

DOI: https://doi.org/10.7554/eLife.31343.007

80-140 min (Figure 4A,G), or 30-50 min (Figure 4—figure supplement 1; Figure 4—source data

1).

The baseline CFP/YFP ratio before CNP perfusion was the same with and without FGF pretreat-

ment, suggesting that FGF had no effect on the baseline cGMP concentration (Figure 4A). However,
since it was possible that the baseline cGMP level was lower than could be detected by the ¢Gi500
sensor, we isolated epiphyseal regions from tibias prepared and cultured under the same conditions
that were used for cGi500 imaging, and measured cGMP content using an ELISA. At this stage of
limb development, almost all of the epiphysis is comprised of growth plate chondrocytes. Before
CNP treatment, the cGMP content of the epiphysis was only 1-2% of that after CNP addition
(Figure 5A; Figure 5—source data 1), and no significant effect of an 80 min preincubation with FGF
was detected (Figure 5B; Figure 5—source data 1). These cGMP ELISA measurements also showed
that in growth plates assayed after CNP addition, FGF pretreatment for 80 min decreased cGMP
content to 40% of the initial level (Figure 5A), consistent with the cGi500 measurements.
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monomer are mostly phosphorylated (depicted by five purple dots). After FGF treatment, the regulatory sites are mostly dephosphorylated (depicted
by two purple dots). (D) Time course of CFP/YFP intensity ratios after 100 nM CNP was perfused across an Npr2’7F growth plate, comparing tibias
that were preincubated for 80-140 min with a control solution (1 ug/ml heparin) (n = 10) or with FGF18 (0.5 ug/ml FGF18 +1 ug/ml heparin) (n = 11). (E,
F) Schematic diagrams depicting NPR2 with seven glutamates on each monomer (indicated by seven red lines) and the lack of effect of FGF on NPR2
enzyme activity. (G) Increases in CFP/YFP ratios after CNP perfusion, comparing data from wild type tibias with and without FGF pretreatment (from A)
Figure 4 continued on next page
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and data from Npr2’®7 tibias with and without FGF pretreatment (from D). Values were determined by subtracting the mean CFP/YFP ratio 0-5 min
before CNP perfusion from the mean ratio 10-15 min after CNP perfusion. Data were analyzed by unpaired t-tests, with the Holm-Sidak correction for
multiple comparisons. T-tests rather than ANOVA were used because we were only interested in a subset of comparisons that tested specific

hypotheses. **p<0.01.

DOI: https://doi.org/10.7554/eLife.31343.008
The following source data and figure supplements are available for figure 4:

Source data 1. Numerical data for Figures 4A,D,G and Figure 4—figure supplement 1A and B, listing individual measurments used to calculate the

means and standard errors in the corresponding graphs.

DOI: https://doi.org/10.7554/eLife.31343.011

Figure supplement 1. Inhibition of NPR2 activity by a 30-50 min preincubation with FGF.

DOI: https://doi.org/10.7554/eLife.31343.009

Figure supplement 2. Western blot showing that wild type and Npr2”®”E epiphyses contain similar amounts of NPR2 protein (25 ug total protein

loaded per lane).

DOI: https://doi.org/10.7554/eLife.31343.010

The FGF-induced decrease in guanylyl cyclase activity is caused by
NPR2 dephosphorylation

Studies of the RCS chondrocyte cell line have shown that FGF signaling decreases NPR2 phosphory-
lation and activity, and that the decrease in activity depends on the decrease in phosphorylation
(Robinson et al., 2017). So far, we have not succeeded in establishing methods to measure the
phosphorylation state of NPR2 from growth plate tissue, and thus have not been able to determine
whether the dephosphorylation seen in the chondrocyte cell line also occurs in vivo. However, we
were able to use the Npr2’¥7E mice to test whether FGF reduces the guanylyl cyclase activity of
NPR2 in growth plate chondrocytes by dephosphorylating NPR2, as diagrammed in Figure 4B,C.

As with wild type, growth plates from Npr2”¥7€ mice showed an increase in cGMP when exposed
to CNP (Figure 4D; Figure 4—source data 1). In fact, the CNP-stimulated cGMP increase was
greater for Npr2”¥7€ vs wild type (Figure 4G; Figure 4—source data 1), as would be expected if
NPR2 in the wild type growth plate was partially dephosphorylated as a result of signaling by endog-
enous hormones or growth factors (compare diagrams in Figure 4B and E). The higher NPR2 activity
measured in the Npr2’¥7E vs wild type growth plate was not explained by a difference in the
amount of NPR2 protein, which was similar for the growth plate region of the two genotypes (Fig-
ure 4—figure supplement 2). Another possible explanation of the higher NPR2 activity observed
for the Npr2’¥7E genotype compared to wild type is that the 7E enzyme has a somewhat lower K.,
for GTP than the wildtype enzyme, although at the GTP concentrations found in most intact tissues
(Traut, 1994), the difference in enzyme activity would be small. The 7E mutations also have no effect
on the CNP concentration required to activate NPR2 to half its maximum value (Shuhaibar et al.,
2016).

Importantly, in growth plates from Npr2 mice, FGF pretreatment did not cause a decrease in
CNP-stimulated cGMP production (Figure 4D,G). This lack of response to FGF contrasts with the
FGF-induced decrease in NPR2 activity that is seen with wild type (Figure 4A,G), and indicates that
because the NPR2-7E protein cannot be dephosphorylated, FGF signaling does not reduce its
enzyme activity (Figure 4F). These results support the conclusion that FGF signaling reduces cGMP
production by dephosphorylating NPR2 in the growth plate.

7E/7E

A PPP-family phosphatase mediates the FGF-induced decrease in NPR2
activity

Our previous studies of NPR2 activity in ovarian follicles indicated that a PPP-family phosphatase
mediates the dephosphorylation of NPR2 in response to luteinizing hormone (Egbert et al., 2014).
To test if a PPP-family phosphatase also mediates the FGF-induced dephosphorylation of NPR2 in
the growth plate, we preincubated tibias from newborn mice with the phosphatase inhibitor canthar-
idin. At 100 uM, cantharidin selectively inhibits the PPP family phosphatases, PPP1, PPP2 (also
known as PP2A), PPP4, and PPP5 (Swingle et al., 2007, Pereira et al., 2011) but does not inhibit
PPP3 (also known as PP2B or calcineurin) (Honkanen, 1993; Pereira et al., 2011) or PPM (also
known as PP2C) (Li et al., 1993).
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Figure 5. ELISA measurements of cGMP content of epiphyses of tibias from wild type newborn mice. Tibias were
collected and cultured as described for the cGi500 measurements. The proximal epiphyses were then slit to
expose the growth plate (see Figure 3A) and the slit tibias were preincubated in a well of medium containing 1
ug/ml heparin with or without FGF-18 (0.5 pg/ml) for 80 min. After the preincubation + FGF, the epiphysis regions
were cut off and prepared for cGMP ELISA measurement as described in the Materials and Methods. Where
indicated, the preincubation +FGF was followed by a 15 min incubation in the same medium, but also including
100 nM CNP, mimicking the conditions used for the cGi500 measurements. (A) cGMP content of the epiphyses
normalized to protein content. The graph shows the mean +s.e.m. of measurements from three separate
experiments. (B) The values from A for the no added CNP condition are replotted with an expanded y-axis. Data
were analyzed by unpaired t-tests, with the Holm-Sidak correction for multiple comparisons. **p<0.01.

DOI: https://doi.org/10.7554/eLife.31343.012

The following source data is available for figure 5:

Source data 1. Numerical data for Figure 5A,B, listing individual measurments used to calculate the means and

standard errors in the corresponding graphs.
DOI: https://doi.org/10.7554/eLife.31343.013

Tibias from newborn mice expressing cGi500 were pre-incubated with or without 100 uM canthar-
idin, then with or without FGF-18, then imaged before and after perfusion of CNP (Figure 6). Con-
trol tibias without cantharidin treatment showed the expected decrease in CNP-dependent cGMP
production in response to FGF-18 (Figure 6A,C; Figure 6—source data 1). However, tibias that had
been pre-incubated with cantharidin showed no difference in NPR2 activity comparing those that
had or had not been treated with FGF-18 (Figure 6B,C; Figure 6—source data 1). These results
show that like the Npr2’¥7E mutation, cantharidin inhibits the decrease in ¢cGMP production in
response to FGF. These experiments provide independent evidence that preventing the dephos-
phorylation of NPR2 prevents the decrease in NPR2 activity, and also indicate that a PPP family
phosphatase is responsible for the dephosphorylation.

Discussion

Our findings identify two new components of the signaling network by which FGFR3 and NPR2 sig-
naling regulate bone growth. Firstly, our results indicate that phosphorylation of the NPR2 guanylyl
cyclase promotes bone elongation; this conclusion is based on our finding that a mutation that pre-
vents NPR2 dephosphorylation results in longer bones. Secondly, our results indicate that part of the
mechanism by which FGF signaling inhibits bone elongation is by decreasing NPR2 phosphorylation
and activity. The dephosphorylation and inactivation of NPR2 is mediated by a PPP-family phospha-
tase. However, mice lacking the FGFR3 receptor (Colvin et al., 1996; Deng et al., 1996) show a
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greater increase in bone length (~7-40%) than we report here for mice with the mutation that pre-
vents dephosphorylation of NPR2 (8-14%), consistent with previous studies identifying multiple
mechanisms by which FGF signaling opposes bone elongation (Ornitz and Legeai-Mallet, 2017).

The working model in Figure 7 shows our findings in the context of other knowledge about the
cross-talk between FGFR3 and NPR2 signaling. An important pathway by which FGFR3 signaling
decreases bone elongation is by activation of MAP kinase (see Ornitz and Legeai-Mallet, 2017). An
important pathway by which NPR2 guanylyl cyclase activity increases bone elongation is by elevating
cGMP and activating the cGMP-dependent protein kinase PRKG2 (Pfeifer et al., 1996;
Chikuda et al., 2004). Previous studies have established that application of CNP to increase NPR2
guanylyl cyclase activity in chondrocytes, thus elevating cGMP and stimulating cGMP-dependent
protein kinase, inhibits FGF-induced MAP kinase activation (Yasoda et al., 2004; Krejci et al., 2005;
Ozasa et al., 2005; Kamemura et al., 2017), which would counteract FGF-inhibition of bone growth
(solid blue line in Figure 7). Other mechanisms (for example, see Kawasaki et al., 2008) may also
contribute to how PRKG2 activity increases bone growth (dotted blue line in Figure 7).

Our present findings identify another level of crosstalk between FGFR3 and NPR2 signaling, indi-
cated by the orange box in Figure 7. By causing dephosphorylation of NPR2, FGF signaling reduces
c¢GMP production, thus opposing bone elongation. How FGF signaling causes dephosphorylation of
NPR2 remains to be determined; this could occur by inactivation of the kinase(s) that phosphorylate
NPR2, and/or by activation of the phosphatase(s) that dephosphorylate it. Our results indicate that
the phosphatase(s) belong to the PPP family, but do not identify the particular PPP family member
(s). Activation of PPP2 is one possibility, since PPP2 is activated by FGF signaling in the RCS chon-
drocyte cell line (Kolupaeva et al., 2013), and purified PPP2 can dephosphorylate NPR2 in vitro
(Potter, 1998).

Other groups have used fluorescence microscopy to quantify chondrocyte movement, division,
and volume in live avian growth plate cartilage (Li et al., 2015), and to measure chondrocyte density
in fixed mouse mandibular cartilage (He et al., 2017). However, the methods that we have devel-
oped for imaging the growth plate of mammalian bones are unique in that they allow rapid manipu-
lation of the chemical environment surrounding the growth plate and real-time measurements of
changes in signaling pathways within the intact tissue. These methods are broadly applicable to
studies of signaling by other hormones and growth factors that might affect cGMP levels in growth
plate chondrocytes. With mice expressing related FRET sensors for cAMP (Calebiro et al., 2009),
these methods could also be readily applied to studies of signaling by hormones such as parathyroid
hormone related protein that regulate chondrocyte and osteoblast growth and differentiation by
way of cAMP (Chagin et al., 2014; Kozhemyakina et al., 2015; Esbrit et al., 2016).

Ongoing clinical trials have shown that in patients with achondroplasia, in which skeletal dysplasia
is caused by a constitutively active form of FGFR3, stimulation of NPR2 by subcutaneous injection of
a hydrolysis-resistant analog of CNP increases bone length (Klag and Horton, 2016). These results
are consistent with the increased bone growth that results from increasing CNP in mouse models of
achondroplasia (Yasoda et al., 2004; Yasoda et al., 2009; Lorget et al., 2012; Wendt et al.,
2015). Studies using a mouse model overexpressing a constitutively active form of FGFR3 showed
that applying CNP or a CNP analog in vivo or in vitro completely rescued the growth defect
(Yasoda et al., 2004; Yasoda et al., 2009, Wendt et al., 2015). However, in a study involving mice
in which one allele of the Fgfr3 gene was replaced with a constitutively active form, as occurs in
achondroplasia, it was found that treatment with the CNP analog increased the growth rate of cul-
tured tibia only partially, from ~40% to~70% of wild type (Lorget et al., 2012). Such incomplete res-
cue might be expected, considering that NPR2 guanylyl cyclase activity depends not only on the
presence of CNP but also on phosphorylation of multiple regulatory serines and threonines of NPR2
(Figure 1A). CNP levels are elevated in patients with achondroplasia, suggesting that NPR2 in their
chondrocytes is resistant to CNP (Olney et al., 2015), which could be due to NPR2 dephosphoryla-
tion. Thus, if NPR2 phosphorylation could be increased in chondrocytes of these patients, by inhibit-
ing the phosphatase that dephosphorylates NPR2, this could potentially enhance the therapeutic
stimulation of NPR2 activity by CNP as a treatment for achondroplasia. Our findings with the phos-
phatase inhibitor cantharidin support the concept of using related phosphatase inhibitors (Lu et al.,
2009; Chung et al., 2017) for treatment of achondroplasia.
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Figure 6. FGF does not reduce NPR2 guanylyl cyclase activity in growth plate chondrocytes of tibia that were pre-
incubated with the PPP family phosphatase inhibitor cantharidin. Experiments were performed using tibias from
newborn mice (day 0-1) and used for experiments over the next 1-2 days. (A,B) Time courses of CFP/YFP intensity
ratios after 100 nM CNP was perfused across wild type growth plates, comparing tibias that were pre-incubated
Figure 6 continued on next page
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Figure 6 continued

for 60 min with cantharidin (100 uM + 0.2% DMSO) or a control solution (0.2% DMSO), followed by a 80-120 min
incubation with FGF-18 (0.5 ug/ml +1 pg/ml heparin) or a control solution (1 pg/ml heparin). (A) No cantharidin
(0.2% DMSO only) followed by FGF-18 (n = 10) or a control solution (n = 6). (B) 100 uM cantharidin followed by
FGF-18 (n = 10) or a control solution (n = 8). (C) Increases in CFP/YFP ratios after CNP perfusion, comparing data
from tibias with or without cantharidin and FGF-18 pre-treatments (data from A and B). Values were determined by
subtracting the mean CFP/YFP ratio 0-5 min before CNP perfusion from the mean ratio 10-15 min after CNP
perfusion. Data were analyzed by unpaired t-tests, with the Holm-Sidak correction for multiple comparisons.
**p<0.01; **p<0.001.

DOI: https://doi.org/10.7554/eLife.31343.014

The following source data is available for figure 6:

Source data 1. Numerical data for Figure 6A-C, listing individual measurments used to calculate the means and

standard errors in the corresponding graphs.
DOI: https://doi.org/10.7554/eLife.31343.015

Materials and methods

Reagent type (species) or resource Designation Source or reference Identifiers Additional information
Npr2-7E PMID: 26522847
cGi500 PMID: 23801067
Anti-NPR2 Ter-Avetisyan et al. (2014)

antibody

Mice

Two mouse lines were used for this study: Npr2-7E (Shuhaibar et al., 2016), and cGi500
(Thunemann et al., 2013). The genetic background of the Npr2-7E line was 75% C57BL/6 and 25%
129Sv. All of the mice that were used for Figure 1 were from the Npr2-7E line; about half of these
mice were littermates from heterozygote x heterozygote breeding pairs. The genetic background of
the cGi500 line was >90% C57BL/6. All experiments were conducted as approved by the University
of Connecticut Health Center and the University of Minnesota animal care committees.

Measurements of tail, bone, and body lengths

Tail lengths of live mice were measured at 3 week intervals. The lengths of the fifth caudal vertebrae
were measured from euthanized mice, using a Faxitron cabinet x-ray system. Body lengths were
measured from the tip of the nose to the base of the tail, using euthanized mice and a digital caliper.
Femur and tibia lengths and cranial width were measured using excised bones and a digital caliper.
For all measurements, there were approximately equal numbers of males and females of each
genotype.

Measurement of tibia growth in vitro

Tibias were dissected from 3 to 4 day old mice, and cultured as previously described (Tamura et al.,
2004) on Millicell organotypic membranes (PICMORG50; Merck Millipore Ltd, Cork, IRL), in BGJb
medium (Fitton-Jackson modification) (Life Technologies, Grand Island, NY) with 0.1% BSA, 100
units/ml each of penicillin and streptomycin, with or without 1 uM CNP (Phoenix Pharmaceuticals,
Burlingame, CA). The medium was changed every 2 days. Tibias were photographed using a Leica
stereoscope, for measurement of length before and after a 6 day culture period, as shown in
Figure 2B. Measurements were done using ImageJ software (National Institutes of Health, Bethesda,
MD).

Measurement of cGMP production using cGi500

Cyclic GMP production was measured using tibias dissected from newborn mice (day 0-1) that glob-
ally expressed one or two copies of the cGi500 FRET sensor inserted into the Rosa2é locus
(Thunemann et al., 2013). Isolated tibias were placed on Millicell membranes, in the medium
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Figure 7. A working model of the crosstalk between NPR2 and FGFR3 signaling pathways in regulating bone
elongation, emphasizing the dephosphorylation and inactivation of NPR2 in response to FGFR3 signaling (orange
box). This diagram shows only some aspects of FGFR3 signaling in the growth plate; see Karuppaiah et al. (2016)
and Ornitz and Legeai-Mallet (2017) for current models showing other components as well. Our findings
indicate that FGF activation of its receptor FGFR3 acts by way of a PPP family phosphatase to decrease the
phosphorylation and activity of the NPR2 guanylyl cyclase, thus reducing production of cGMP. Cyclic GMP
increases bone growth by activating the cGMP-dependent protein kinase PRKG2. FGFR3 also acts by way of the
mitogen-activated protein kinase (MAPK) to oppose bone elongation. One consequence of PRKG2 kinase
activation is to inhibit MAPK (solid blue line), with the net effect of increasing bone elongation. PRKG2 may act by
other pathways as well, as depicted by the dotted blue line. See main text for references.

DOV https://doi.org/10.7554/eLife.31343.016

described above, without CNP, and were used for imaging over the next 2 days. Prior to imaging,
the epiphysis region of the proximal end of the tibia was slit with a razor blade to expose the growth
plate (Figure 3A). This was accomplished by placing the tibia, dorsal side up, in a 500 um deep
channel in a plastic slide (ibidi USA, Fitchburg, WI; cat. no. 80176, special order with no adhesive).
The depth of the channel was modified from 400 to 500 um by adding a piece of tape on each side
of the channel. The epiphysis region was then slid through the edge of a razor blade on the slide sur-
face. This procedure resulted in a 500 um thick piece of tissue underlying the growth plate surface.
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The overlying flap of tissue was trimmed away, and the tibia was placed in a 4-well plate (Nunc
176740; Thermo Scientific, Rochester, NY) containing 0.5-1 ml of medium/well at 37°C with 5% CO,,
on a rotating platform. Where indicated, FGF18 (PeproTech, Rocky Hill, NJ) was added at a saturat-
ing concentration (0.5 pug/ml), along with 1 pug/ml heparin (Sigma-Aldrich, H4784, St. Louis, MO).
Heparin was included because it enhances FGF receptor activation (Ornitz and Marie, 2015). Con-
trol samples were incubated with heparin only. For phosphatase inhibitor experiments, cantharidin
(Tocris BioScience, Bristol UK) was dissolved at 50 mM in DMSO and diluted in media to 100 uM.
Control tibias were incubated with 0.2% DMSO.

After the indicated pre-incubations, the distal half of the tibia was cut off, and the proximal piece
placed, cut edge up, in a 600 um deep channel in a plastic slide with access wells for perfusion (ibidi
USA,; cat. no. 80186; special order with no adhesive) (Figure 3B). Silicon grease was applied around
the rim of the channel. A coverslip was prepared by adhering to its surface two 200 um thick pads
that were separated by a 1-1.5 mm space. The pads were made from 2 layers of Scotch double
sided tape, each 100 um thick. The coverslip was then placed over the tibia, such that the bone
spanned the two pads and the surface of the growth plate was separated by ~200 um from the sur-
face of the coverslip (Figure 3C). The coverslip was pressed down gently against the silicon grease
on the perfusion slide, such that the uncut surface of the tibia was held against the perfusion slide.
The slide was then inverted and filled with media, by way of ports on the slide. This resulted in an
assembly in which media could be flowed under the bridge formed by the tibia resting on the tape
pads. For each experiment, the separation of the growth plate surface from the coverslip was con-
firmed by measuring the distance between these surfaces using the confocal microscope software.

The growth plate was imaged using a Pascal confocal system (Carl Zeiss Microscopy, Thornwood,
NY). Imaging was performed at ~34°C. The whole growth plate was imaged with a 10x/0.45 N.A.
water immersion objective (Figure 3D). For FRET measurements, columnar/prehypertrophic chon-
drocytes were imaged using a 25x/0.8 NA water immersion objective (Figure 3E). To avoid evapora-
tion during time-lapse imaging, Immersol (Carl Zeiss Microscopy) was used to form the contact with
the coverslip. The pinhole was set at maximum, resulting in an optical section thickness of ~24 pum.
FRET measurements were performed and analyzed as previously described (Norris et al., 2009,
Shuhaibar et al., 2015). Images were collected at zoom 0.7, using 3.2 s scans at 30 s intervals, for 5
min before CNP perfusion and 15 min afterwards. Files were saved as 12-bit images. The fluores-
cence signal was 2-6 times the background level. Measurements were corrected for background
and for spectral bleedthrough of light emitted by CFP into the YFP channel. Graphs show measure-
ments from 490 x 490 um regions.

Measurement of cGMP using ELISA

To prepare samples for cGMP ELISA measurements, tibias from newborn mice were treated as
described in the legend for Figure 5, and after the indicated incubations, 2-3 proximal epiphyses
were cut off with a scissors and placed in a tube containing 200 pul of 0.1 M HCI. The samples were
sonicated with a probe sonicator (model 60 Sonic Dismembrator, ThermoFisher Scientific; 3 x 10
pulses), heated for 3 min at 95°C, sonicated again (3 x 10 pulses), stored at —80°C, and analyzed for
protein content (~10 pg per epiphysis; Pierce BCA assay, ThermoScientific, Rockford IL) and cGMP
content (ADI-900-014 cGMP ELISA kit, Enzo Life Sciences, Farmingdale NY).

Western blot for NPR2

To prepare samples for western blotting (Figure 4—figure supplement 2), epiphyses were dis-
sected from femurs and tibias of newborn mice (day 0), and slit to expose the growth plate. Protein
was solubilized by heating the tissue in 1% SDS at 95°C for 10 min. Protein content was determined
by a BCA assay (~10 ug per epiphysis). 25 ug of protein was separated by SDS-PAGE electrophore-
sis, transferred to a nitrocellulose membrane, and probed with an antibody made in guinea pig
against the extracellular domain of mouse NPR2 (Ter-Avetisyan et al., 2014). The antibody was a
gift from Hannes Schmidt (University of Tubingen).

Acknowledgements

We thank Liping Wang and David Rowe for help with x-ray imaging, Hannes Schmidt for his gener-
ous gift of the NPR2 antibody, and Viacheslav Nikolaev, Susan Ratzan, and Melina Schuh for helpful

Shuhaibar et al. eLife 2017;6:e31343. DOI: https://doi.org/10.7554/eLife.31343 15 of 20


https://doi.org/10.7554/eLife.31343

LI FE Research article Developmental Biology and Stem Cells

discussions. We also thank the reviewers, Gail Mandel, Eric Espiner, and anonymous, for thoughtful
and insightful comments. This work was supported by grants from the National Institutes of Health
(R37HD014939 to LAJ, RO1GMO098309 to LRP, T32DK007203 to JWR, and R90DE022526 to NPS),
and from the Fund for Science (to LCS, CND, LRP, and LAJ).

Additional information

Funding
Funder Grant reference number  Author
Eunice Kennedy Shriver Na- R37HD014939 Laurinda A Jaffe

tional Institute of Child Health
and Human Development

National Institute of General RO1GMO098309 Lincoln R Potter
Medical Sciences

National Institute of Diabetes Postdoctoral training grant:  Jerid W Robinson
and Digestive and Kidney Dis- T32DK007203

eases

National Institute of Dental Postdoctoral training grant:  Ninna P Shuhaibar

and Craniofacial Research R9ODE022526

Fund for Science Postdoctoral scholarship Laurinda A Jaffe
(mentor)

Fund for Science Postdoctoral scholarship Leia C Shuhaibar
(postdoc)

Fund for Science Research grant Caroline N Dealy

Lincoln R Potter

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

Author contributions

Leia C Shuhaibar, Laurinda A Jaffe, Conceptualization, Data curation, Formal analysis, Supervision,
Funding acquisition, Validation, Investigation, Visualization, Methodology, Writing—original draft,
Project administration, Writing—review and editing; Jerid W Robinson, Conceptualization, Data
curation, Formal analysis, Supervision, Funding acquisition, Validation, Investigation, Visualization,
Methodology, Project administration, Writing—review and editing; Giulia Vigone, Conceptualization,
Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Writing—review
and editing; Ninna P Shuhaibar, Funding acquisition, Investigation, Methodology, Writing—review
and editing; Jeremy R Egbert, Tracy F Uliasz, Data curation, Formal analysis, Validation, Investiga-
tion, Methodology, Writing—review and editing; Valentina Baena, Formal analysis, Investigation,
Methodology, Writing—review and editing; Deborah Kaback, Resources, Data curation, Formal anal-
ysis, Validation, Investigation, Methodology, Writing—review and editing; Siu-Pok Yee, Resources,
Formal analysis, Investigation, Methodology, Writing—review and editing; Robert Feil, Resources,
Methodology, Writing—review and editing; Melanie C Fisher, Resources, Investigation, Methodol-
ogy, Writing—review and editing; Caroline N Dealy, Resources, Funding acquisition, Methodology,
Writing—review and editing; Lincoln R Potter, Conceptualization, Resources, Formal analysis, Fund-
ing acquisition, Methodology, Project administration, Writing—review and editing

Author ORCIDs
Leia C Shuhaibar, ) http://orcid.org/0000-0003-4152-6263
Laurinda A Jaffe,(® http://orcid.org/0000-0003-2636-5721

Ethics

Animal experimentation: All experiments were conducted as approved by the animal care commit-
tees of the University of Connecticut Health Center (101395-0519) and the University of Minnesota
(1507-32769A).

Shuhaibar et al. eLife 2017;6:e31343. DOI: https://doi.org/10.7554/eLife.31343 16 of 20


http://orcid.org/0000-0003-4152-6263
http://orcid.org/0000-0003-2636-5721
https://doi.org/10.7554/eLife.31343

e LI FE Research article

Developmental Biology and Stem Cells

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.31343.018
Author response https://doi.org/10.7554/elife.31343.019

Additional files

Supplementary files
e Transparent reporting form
DOI: https://doi.org/10.7554/elife.31343.017

References

Abbey-Hosch SE, Smirnov D, Potter LR. 2005. Differential regulation of NPR-B/GC-B by protein kinase ¢ and
calcium. Biochemical Pharmacology 70:686-694. DOI: https://doi.org/10.1016/j.bcp.2005.04.034,
PMID: 16005434

Bartels CF, Bukilmez H, Padayatti P, Rhee DK, van Ravenswaaij-Arts C, Pauli RM, Mundlos S, Chitayat D, Shih
LY, Al-Gazali LI, Kant S, Cole T, Morton J, Cormier-Daire V, Faivre L, Lees M, Kirk J, Mortier GR, Leroy J, Zabel
B, et al. 2004. Mutations in the transmembrane natriuretic peptide receptor NPR-B impair skeletal growth and
cause acromesomelic dysplasia, type Maroteaux. The American Journal of Human Genetics 75:27-34.
DOI: https://doi.org/10.1086/422013, PMID: 15146390

Calebiro D, Nikolaev VO, Gagliani MC, de Filippis T, Dees C, Tacchetti C, Persani L, Lohse MJ. 2009. Persistent
cAMP-signals triggered by internalized G-protein-coupled receptors. PLoS Biology 7:e1000172. DOI: https://
doi.org/10.1371/journal.pbio.1000172, PMID: 19688034

Chagin AS, Vuppalapati KK, Kobayashi T, Guo J, Hirai T, Chen M, Offermanns S, Weinstein LS, Kronenberg HM.
2014. G-protein stimulatory subunit alpha and Gg/110. G-proteins are both required to maintain quiescent
stem-like chondrocytes. Nature Communications 5:3673. DOI: https://doi.org/10.1038/ncomms4673,
PMID: 24781502

Chikuda H, Kugimiya F, Hoshi K, Ikeda T, Ogasawara T, Shimoaka T, Kawano H, Kamekura S, Tsuchida A, Yokoi
N, Nakamura K, Komeda K, Chung Ul, Kawaguchi H. 2004. Cyclic GMP-dependent protein kinase Il is a
molecular switch from proliferation to hypertrophic differentiation of chondrocytes. Genes & Development 18:
2418-2429. DOI: https://doi.org/10.1101/gad.1224204, PMID: 15466490

Chrisman TD, Garbers DL. 1999. Reciprocal antagonism coordinates C-type natriuretic peptide and mitogen-
signaling pathways in fibroblasts. Journal of Biological Chemistry 274:4293-4299. DOI: https://doi.org/10.
1074/jbc.274.7.4293, PMID: 9933630

Chung V, Mansfield AS, Braiteh F, Richards D, Durivage H, Ungerleider RS, Johnson F, Kovach JS. 2017. Safety,
tolerability, and preliminary activity of LB-100, an inhibitor of protein phosphatase 2A, in patients with relapsed
solid tumors: An open-label, dose escalation, first-in-human, phase | trial. Clinical Cancer Research 23:3277-
3284. DOI: https://doi.org/10.1158/1078-0432.CCR-16-2299, PMID: 28039265

Chusho H, Tamura N, Ogawa Y, Yasoda A, Suda M, Miyazawa T, Nakamura K, Nakao K, Kurihara T, Komatsu Y,
Itoh H, Tanaka K, Saito Y, Katsuki M, Nakao K. 2001. Dwarfism and early death in mice lacking C-type
natriuretic peptide. PNAS 98:4016-4021. DOI: https://doi.org/10.1073/pnas.071389098, PMID: 11259675

Colvin JS, Bohne BA, Harding GW, McEwen DG, Ornitz DM. 1996. Skeletal overgrowth and deafness in mice
lacking fibroblast growth factor receptor 3. Nature Genetics 12:390-397. DOI: https://doi.org/10.1038/ng0496-
390, PMID: 8630492

de Frutos CA, Vega S, Manzanares M, Flores JM, Huertas H, Martinez-Frias ML, Nieto MA. 2007. Snail1 is a
transcriptional effector of FGFR3 signaling during chondrogenesis and achondroplasias. Developmental Cell
13:872-883. DOI: https://doi.org/10.1016/j.devcel.2007.09.016, PMID: 18061568

Deng C, Wynshaw-Boris A, Zhou F, Kuo A, Leder P. 1996. Fibroblast growth factor receptor 3 is a negative
regulator of bone growth. Cell 84:911-921. DOI: https://doi.org/10.1016/50092-8674(00)81069-7, PMID:
8601314

Egbert JR, Shuhaibar LC, Edmund AB, Van Helden DA, Robinson JW, Uliasz TF, Baena V, Geerts A, Wunder F,
Potter LR, Jaffe LA. 2014. Dephosphorylation and inactivation of NPR2 guanylyl cyclase in granulosa cells
contributes to the LH-induced decrease in cGMP that causes resumption of meiosis in rat oocytes.
Development 141:3594-3604. DOI: https://doi.org/10.1242/dev.112219, PMID: 25183874

Esbrit P, Herrera S, Portal-Nufiez S, Nogués X, Diez-Pérez A. 2016. Parathyroid hormone-related protein analogs
as osteoporosis therapies. Calcified Tissue International 98:359-369. DOI: https://doi.org/10.1007/s00223-015-
0050-1, PMID: 26259869

Geister KA, Brinkmeier ML, Hsieh M, Faust SM, Karolyi IJ, Perosky JE, Kozloff KM, Conti M, Camper SA. 2013. A
novel loss-of-function mutation in Npr2 clarifies primary role in female reproduction and reveals a potential
therapy for acromesomelic dysplasia, Maroteaux type. Human Molecular Genetics 22:345-357. DOI: https://
doi.org/10.1093/hmg/dds432, PMID: 23065701

Hannema SE, van Duyvenvoorde HA, Premsler T, Yang RB, Mueller TD, Gassner B, Oberwinkler H, Roelfsema F,
Santen GW, Prickett T, Kant SG, Verkerk AJ, Uitterlinden AG, Espiner E, Ruivenkamp CA, Oostdijk W, Pereira

Shuhaibar et al. eLife 2017;6:e31343. DOI: https://doi.org/10.7554/eLife.31343 17 of 20


https://doi.org/10.7554/eLife.31343.018
https://doi.org/10.7554/eLife.31343.019
https://doi.org/10.7554/eLife.31343.017
https://doi.org/10.1016/j.bcp.2005.04.034
http://www.ncbi.nlm.nih.gov/pubmed/16005434
https://doi.org/10.1086/422013
http://www.ncbi.nlm.nih.gov/pubmed/15146390
https://doi.org/10.1371/journal.pbio.1000172
https://doi.org/10.1371/journal.pbio.1000172
http://www.ncbi.nlm.nih.gov/pubmed/19688034
https://doi.org/10.1038/ncomms4673
http://www.ncbi.nlm.nih.gov/pubmed/24781502
https://doi.org/10.1101/gad.1224204
http://www.ncbi.nlm.nih.gov/pubmed/15466490
https://doi.org/10.1074/jbc.274.7.4293
https://doi.org/10.1074/jbc.274.7.4293
http://www.ncbi.nlm.nih.gov/pubmed/9933630
https://doi.org/10.1158/1078-0432.CCR-16-2299
http://www.ncbi.nlm.nih.gov/pubmed/28039265
https://doi.org/10.1073/pnas.071389098
http://www.ncbi.nlm.nih.gov/pubmed/11259675
https://doi.org/10.1038/ng0496-390
https://doi.org/10.1038/ng0496-390
http://www.ncbi.nlm.nih.gov/pubmed/8630492
https://doi.org/10.1016/j.devcel.2007.09.016
http://www.ncbi.nlm.nih.gov/pubmed/18061568
https://doi.org/10.1016/S0092-8674(00)81069-7
http://www.ncbi.nlm.nih.gov/pubmed/8601314
https://doi.org/10.1242/dev.112219
http://www.ncbi.nlm.nih.gov/pubmed/25183874
https://doi.org/10.1007/s00223-015-0050-1
https://doi.org/10.1007/s00223-015-0050-1
http://www.ncbi.nlm.nih.gov/pubmed/26259869
https://doi.org/10.1093/hmg/dds432
https://doi.org/10.1093/hmg/dds432
http://www.ncbi.nlm.nih.gov/pubmed/23065701
https://doi.org/10.7554/eLife.31343

LI FE Research article Developmental Biology and Stem Cells

AM, Losekoot M, Kuhn M, Wit JM. 2013. An activating mutation in the kinase homology domain of the
natriuretic peptide receptor-2 causes extremely tall stature without skeletal deformities. The Journal of Clinical
Endocrinology & Metabolism 98:E1988-E1998. DOI: https://doi.org/10.1210/jc.2013-2358, PMID: 24057292

He Y, Zhang M, Huang AY, Cui Y, Bai D, Warman ML. 2017. Confocal imaging of mouse mandibular condyle
cartilage. Scientific Reports 7:43848. DOI: https://doi.org/10.1038/srep43848, PMID: 28266618

Honkanen RE. 1993. Cantharidin, another natural toxin that inhibits the activity of serine/threonine protein
phosphatases types 1 and 2A. FEBS Letters 330:283-286. DOI: https://doi.org/10.1016/0014-5793(93)80889-3,
PMID: 8397101

Horton WA, Rotter JI, Rimoin DL, Scott Cl, Hall JG. 1978. Standard growth curves for achondroplasia. The
Journal of Pediatrics 93:435-438. DOI: https://doi.org/10.1016/S0022-3476(78)81152-4, PMID: 690757

Hung IH, Schoenwolf GC, Lewandoski M, Ornitz DM. 2016. A combined series of Fgf9 and Fgf18 mutant alleles
identifies unique and redundant roles in skeletal development. Developmental Biology 411:72-84.
DOI: https://doi.org/10.1016/j.ydbio.2016.01.008, PMID: 26794256

Kamemura N, Murakami S, Komatsu H, Sawanoi M, Miyamoto K, Ishidoh K, Kishimoto K, Tsuji A, Yuasa K. 2017.
Type Il cGMP-dependent protein kinase negatively regulates fibroblast growth factor signaling by
phosphorylating Raf-1 at serine 43 in rat chondrosarcoma cells. Biochemical and Biophysical Research
Communications 483:82-87. DOI: https://doi.org/10.1016/].bbrc.2017.01.001, PMID: 28057484

Karuppaiah K, Yu K, Lim J, Chen J, Smith C, Long F, Ornitz DM. 2016. FGF signaling in the osteoprogenitor
lineage non-autonomously regulates postnatal chondrocyte proliferation and skeletal growth. Development
143:1811-1822. DOI: https://doi.org/10.1242/dev.131722, PMID: 27052727

Kawasaki Y, Kugimiya F, Chikuda H, Kamekura S, lkeda T, Kawamura N, Saito T, Shinoda Y, Higashikawa A, Yano
F, Ogasawara T, Ogata N, Hoshi K, Hofmann F, Woodgett JR, Nakamura K, Chung Ul, Kawaguchi H. 2008.
Phosphorylation of GSK-3beta by cGMP-dependent protein kinase Il promotes hypertrophic differentiation of
murine chondrocytes. Journal of Clinical Investigation 118:2986-2515. DOI: https://doi.org/10.1172/
JCI35243E1, PMID: 18551195

Khan S, Ali RH, Abbasi S, Nawaz M, Muhammad N, Ahmad W. 2012. Novel mutations in natriuretic peptide
receptor-2 gene underlie acromesomelic dysplasia, type maroteaux. BMC Medical Genetics 13:44.
DOI: https://doi.org/10.1186/1471-2350-13-44, PMID: 22691581

Klag KA, Horton WA. 2016. Advances in treatment of achondroplasia and osteoarthritis. Human Molecular
Genetics 25:R2-R8. DOI: https://doi.org/10.1093/hmg/ddv419, PMID: 26443596

Kolupaeva V, Daempfling L, Basilico C. 2013. The B55a. regulatory subunit of protein phosphatase 2A mediates
fibroblast growth factor-induced p107 dephosphorylation and growth arrest in chondrocytes. Molecular and
Cellular Biology 33:2865-2878. DOI: https://doi.org/10.1128/MCB.01730-12, PMID: 23716589

Kozhemyakina E, Lassar AB, Zelzer E. 2015. A pathway to bone: signaling molecules and transcription factors
involved in chondrocyte development and maturation. Development 142:817-831. DOI: https://doi.org/10.
1242/dev.105536, PMID: 25715393

Krejci P, Masri B, Fontaine V, Mekikian PB, Weis M, Prats H, Wilcox WR. 2005. Interaction of fibroblast growth
factor and C-natriuretic peptide signaling in regulation of chondrocyte proliferation and extracellular matrix
homeostasis. Journal of Cell Science 118:5089-5100. DOI: https://doi.org/10.1242/jcs.02618, PMID: 16234329

Lee YC, Song IW, Pai YJ, Chen SD, Chen YT. 2017. Knock-in human FGFR3 achondroplasia mutation as a mouse
model for human skeletal dysplasia. Scientific Reports 7:43220. DOI: https://doi.org/10.1038/srep43220,
PMID: 28230213

Li Y, Trivedi V, Truong TV, Koos DS, Lansford R, Chuong CM, Warburton D, Moats RA, Fraser SE. 2015. Dynamic
imaging of the growth plate cartilage reveals multiple contributors to skeletal morphogenesis. Nature
Communications 6:6798. DOI: https://doi.org/10.1038/ncomms7798, PMID: 25865282

Li YM, Mackintosh C, Casida JE. 1993. Protein phosphatase 2A and its [3H]cantharidin/[3H]endothall
thioanhydride binding site. Inhibitor specificity of cantharidin and ATP analogues. Biochemical Pharmacology
46:1435-1443. DOI: https://doi.org/10.1016/0006-2952(93)90109-A, PMID: 8240393

Lorget F, Kaci N, Peng J, Benoist-Lasselin C, Mugniery E, Oppeneer T, Wendt DJ, Bell SM, Bullens S, Bunting S,
Tsuruda LS, O'Neill CA, Di Rocco F, Munnich A, Legeai-Mallet L. 2012. Evaluation of the therapeutic potential
of a CNP analog in a Fgfr3 mouse model recapitulating achondroplasia. The American Journal of Human
Genetics 91:1108-1114. DOI: https://doi.org/10.1016/j.ajhg.2012.10.014, PMID: 23200862

Lu J, Kovach JS, Johnson F, Chiang J, Hodes R, Lonser R, Zhuang Z. 2009. Inhibition of serine/threonine
phosphatase PP2A enhances cancer chemotherapy by blocking DNA damage induced defense mechanisms.
PNAS 106:11697-11702. DOI: https://doi.org/10.1073/pnas.0905930106, PMID: 19564615

Makrythanasis P, Temtamy S, Aglan MS, Otaify GA, Hamamy H, Antonarakis SE. 2014. A novel homozygous
mutation in FGFR3 causes tall stature, severe lateral tibial deviation, scoliosis, hearing impairment,
camptodactyly, and arachnodactyly. Human Mutation 35:959-963. DOI: https://doi.org/10.1002/humu.22597,
PMID: 24864036

Maroteaux P, Martinelli B, Campailla E. 1971. Le nanisme acromésomélique. La Presse Medicale 79:1839-1842.

Miura K, Kim OH, Lee HR, Namba N, Michigami T, Yoo WJ, Choi IH, Ozono K, Cho TJ. 2014. Overgrowth
syndrome associated with a gain-of-function mutation of the natriuretic peptide receptor 2 (NPR2) gene.
American Journal of Medical Genetics Part A 164A:156-163. DOI: https://doi.org/10.1002/ajmg.a.36218,
PMID: 24259409

Miura K, Namba N, Fujiwara M, Ohata Y, Ishida H, Kitaoka T, Kubota T, Hirai H, Higuchi C, Tsumaki N,
Yoshikawa H, Sakai N, Michigami T, Ozono K. 2012. An overgrowth disorder associated with excessive

Shuhaibar et al. eLife 2017;6:e31343. DOI: https://doi.org/10.7554/eLife.31343 18 of 20


https://doi.org/10.1210/jc.2013-2358
http://www.ncbi.nlm.nih.gov/pubmed/24057292
https://doi.org/10.1038/srep43848
http://www.ncbi.nlm.nih.gov/pubmed/28266618
https://doi.org/10.1016/0014-5793(93)80889-3
http://www.ncbi.nlm.nih.gov/pubmed/8397101
https://doi.org/10.1016/S0022-3476(78)81152-4
http://www.ncbi.nlm.nih.gov/pubmed/690757
https://doi.org/10.1016/j.ydbio.2016.01.008
http://www.ncbi.nlm.nih.gov/pubmed/26794256
https://doi.org/10.1016/j.bbrc.2017.01.001
http://www.ncbi.nlm.nih.gov/pubmed/28057484
https://doi.org/10.1242/dev.131722
http://www.ncbi.nlm.nih.gov/pubmed/27052727
https://doi.org/10.1172/JCI35243E1
https://doi.org/10.1172/JCI35243E1
http://www.ncbi.nlm.nih.gov/pubmed/18551195
https://doi.org/10.1186/1471-2350-13-44
http://www.ncbi.nlm.nih.gov/pubmed/22691581
https://doi.org/10.1093/hmg/ddv419
http://www.ncbi.nlm.nih.gov/pubmed/26443596
https://doi.org/10.1128/MCB.01730-12
http://www.ncbi.nlm.nih.gov/pubmed/23716589
https://doi.org/10.1242/dev.105536
https://doi.org/10.1242/dev.105536
http://www.ncbi.nlm.nih.gov/pubmed/25715393
https://doi.org/10.1242/jcs.02618
http://www.ncbi.nlm.nih.gov/pubmed/16234329
https://doi.org/10.1038/srep43220
http://www.ncbi.nlm.nih.gov/pubmed/28230213
https://doi.org/10.1038/ncomms7798
http://www.ncbi.nlm.nih.gov/pubmed/25865282
https://doi.org/10.1016/0006-2952(93)90109-A
http://www.ncbi.nlm.nih.gov/pubmed/8240393
https://doi.org/10.1016/j.ajhg.2012.10.014
http://www.ncbi.nlm.nih.gov/pubmed/23200862
https://doi.org/10.1073/pnas.0905930106
http://www.ncbi.nlm.nih.gov/pubmed/19564615
https://doi.org/10.1002/humu.22597
http://www.ncbi.nlm.nih.gov/pubmed/24864036
https://doi.org/10.1002/ajmg.a.36218
http://www.ncbi.nlm.nih.gov/pubmed/24259409
https://doi.org/10.7554/eLife.31343

e LI FE Research article

Developmental Biology and Stem Cells

production of cGMP due to a gain-of-function mutation of the natriuretic peptide receptor 2 gene. PLoS One
7:€42180. DOI: https://doi.org/10.1371/journal.pone.0042180, PMID: 22870295

Nakao K, Osawa K, Yasoda A, Yamanaka S, Fujii T, Kondo E, Koyama N, Kanamoto N, Miura M, Kuwahara K,
Akiyama H, Bessho K, Nakao K. 2015. The Local CNP/GC-B system in growth plate is responsible for
physiological endochondral bone growth. Scientific Reports 5:10554. DOI: https://doi.org/10.1038/srep 10554,
PMID: 26014585

Naski MC, Colvin JS, Coffin JD, Ornitz DM. 1998. Repression of hedgehog signaling and BMP4 expression in
growth plate cartilage by fibroblast growth factor receptor 3. Development 125:4977-4988. PMID: 9811582

Norris RP, Ratzan WJ, Freudzon M, Mehlmann LM, Krall J, Movsesian MA, Wang H, Ke H, Nikolaev VO, Jaffe LA.
2009. Cyclic GMP from the surrounding somatic cells regulates cyclic AMP and meiosis in the mouse oocyte.
Development 136:1869-1878. DOI: https://doi.org/10.1242/dev.035238, PMID: 19429786

Olney RC, Prickett TC, Espiner EA, Mackenzie WG, Duker AL, Ditro C, Zabel B, Hasegawa T, Kitoh H, Aylsworth
AS, Bober MB. 2015. C-type natriuretic peptide plasma levels are elevated in subjects with achondroplasia,
hypochondroplasia, and thanatophoric dysplasia. The Journal of Clinical Endocrinology & Metabolism 100:
E355-E359. DOI: https://doi.org/10.1210/jc.2014-2814, PMID: 25387261

Ornitz DM, Legeai-Mallet L. 2017. Achondroplasia: Development, pathogenesis, and therapy. Developmental
Dynamics 246:291-309. DOI: https://doi.org/10.1002/dvdy.24479, PMID: 27987249

Ornitz DM, Marie PJ. 2015. Fibroblast growth factor signaling in skeletal development and disease. Genes &
Development 29:1463-1486. DOI: https://doi.org/10.1101/gad.266551.115, PMID: 26220993

Ozasa A, Komatsu Y, Yasoda A, Miura M, Sakuma Y, Nakatsuru Y, Arai H, Itoh N, Nakao K. 2005.
Complementary antagonistic actions between C-type natriuretic peptide and the MAPK pathway through
FGFR-3 in ATDCS5 cells. Bone 36:1056-1064. DOI: https://doi.org/10.1016/].bone.2005.03.006, PMID: 1586991
8

Pereira SR, Vasconcelos VM, Antunes A. 2011. The phosphoprotein phosphatase family of Ser/Thr phosphatases
as principal targets of naturally occurring toxins. Critical Reviews in Toxicology 41:83-110. DOI: https://doi.org/
10.3109/10408444.2010.515564, PMID: 21288162

Pfeifer A, Aszédi A, Seidler U, Ruth P, Hofmann F, Fassler R. 1996. Intestinal secretory defects and dwarfism in
mice lacking cGMP-dependent protein kinase Il. Science 274:2082-2086. DOI: https://doi.org/10.1126/science.
274.5295.2082, PMID: 8953039

Potter LR, Hunter T. 1998. Identification and characterization of the major phosphorylation sites of the B-type
natriuretic peptide receptor. Journal of Biological Chemistry 273:15533-15539. DOI: https://doi.org/10.1074/
jbc.273.25.15533, PMID: 9624142

Potter LR. 1998. Phosphorylation-dependent regulation of the guanylyl cyclase-linked natriuretic peptide
receptor B: dephosphorylation is a mechanism of desensitization. Biochemistry 37:2422-2429. DOI: https://doi.
org/10.1021/bi972303k, PMID: 9485390

Potter LR. 2011. Regulation and therapeutic targeting of peptide-activated receptor guanylyl cyclases.
Pharmacology & Therapeutics 130:71-82. DOI: https://doi.org/10.1016/j.pharmthera.2010.12.005, PMID: 211
85863

Robinson JW, Egbert JR, Davydova J, Schmidt H, Jaffe LA, Potter LR. 2017. Dephosphorylation is the
mechanism of fibroblast growth factor inhibition of guanylyl cyclase-B. Cellular Signalling 40:222-229.
DOI: https://doi.org/10.1016/j.cellsig.2017.09.021, PMID: 28964968

Rousseau F, Bonaventure J, Legeai-Mallet L, Pelet A, Rozet JM, Maroteaux P, Le Merrer M, Munnich A. 1994.
Mutations in the gene encoding fibroblast growth factor receptor-3 in achondroplasia. Nature 371:252-254.
DOI: https://doi.org/10.1038/371252a0, PMID: 8078586

Russwurm M, Mullershausen F, Friebe A, Jager R, Russwurm C, Koesling D. 2007. Design of fluorescence
resonance energy transfer (FRET)-based cGMP indicators: a systematic approach. Biochemical Journal 407:69-
77. DOI: https://doi.org/10.1042/BJ20070348, PMID: 17516914

Shiang R, Thompson LM, Zhu YZ, Church DM, Fielder TJ, Bocian M, Winokur ST, Wasmuth JJ. 1994. Mutations in
the transmembrane domain of FGFR3 cause the most common genetic form of dwarfism, achondroplasia. Cell
78:335-342. DOI: https://doi.org/10.1016/0092-8674(94)90302-6, PMID: 7913883

Shuhaibar LC, Egbert JR, Edmund AB, Uliasz TF, Dickey DM, Yee SP, Potter LR, Jaffe LA. 2016.
Dephosphorylation of juxtamembrane serines and threonines of the NPR2 guanylyl cyclase is required for rapid
resumption of oocyte meiosis in response to luteinizing hormone. Developmental Biology 409:194-201.
DOI: https://doi.org/10.1016/j.ydbio.2015.10.025, PMID: 26522847

Shuhaibar LC, Egbert JR, Norris RP, Lampe PD, Nikolaev VO, Thunemann M, Wen L, Feil R, Jaffe LA. 2015.
Intercellular signaling via cyclic GMP diffusion through gap junctions restarts meiosis in mouse ovarian follicles.
PNAS 112:5527-5532. DOI: https://doi.org/10.1073/pnas. 1423598112

Sogawa C, Abe A, Tsuji T, Koizumi M, Saga T, Kunieda T. 2010. Gastrointestinal tract disorder in natriuretic
peptide receptor B gene mutant mice. The American Journal of Pathology 177:822-828. DOI: https://doi.org/
10.2353/ajpath.2010.091278, PMID: 20616347

Swingle M, Ni L, Honkanen RE. 2007. Small-molecule inhibitors of ser/thr protein phosphatases: specificity, use
and common forms of abuse. Methods in Molecular Biology 365:23-38. DOI: https://doi.org/10.1385/1-59745-
267-X:23, PMID: 17200551

Tamura N, Doolittle LK, Hammer RE, Shelton JM, Richardson JA, Garbers DL. 2004. Critical roles of the guanylyl
cyclase B receptor in endochondral ossification and development of female reproductive organs. PNAS 101:
17300-17305. DOI: https://doi.org/10.1073/pnas.0407894101, PMID: 15572448

Shuhaibar et al. eLife 2017;6:e31343. DOI: https://doi.org/10.7554/eLife.31343 19 of 20


https://doi.org/10.1371/journal.pone.0042180
http://www.ncbi.nlm.nih.gov/pubmed/22870295
https://doi.org/10.1038/srep10554
http://www.ncbi.nlm.nih.gov/pubmed/26014585
http://www.ncbi.nlm.nih.gov/pubmed/9811582
https://doi.org/10.1242/dev.035238
http://www.ncbi.nlm.nih.gov/pubmed/19429786
https://doi.org/10.1210/jc.2014-2814
http://www.ncbi.nlm.nih.gov/pubmed/25387261
https://doi.org/10.1002/dvdy.24479
http://www.ncbi.nlm.nih.gov/pubmed/27987249
https://doi.org/10.1101/gad.266551.115
http://www.ncbi.nlm.nih.gov/pubmed/26220993
https://doi.org/10.1016/j.bone.2005.03.006
http://www.ncbi.nlm.nih.gov/pubmed/15869918
http://www.ncbi.nlm.nih.gov/pubmed/15869918
https://doi.org/10.3109/10408444.2010.515564
https://doi.org/10.3109/10408444.2010.515564
http://www.ncbi.nlm.nih.gov/pubmed/21288162
https://doi.org/10.1126/science.274.5295.2082
https://doi.org/10.1126/science.274.5295.2082
http://www.ncbi.nlm.nih.gov/pubmed/8953039
https://doi.org/10.1074/jbc.273.25.15533
https://doi.org/10.1074/jbc.273.25.15533
http://www.ncbi.nlm.nih.gov/pubmed/9624142
https://doi.org/10.1021/bi972303k
https://doi.org/10.1021/bi972303k
http://www.ncbi.nlm.nih.gov/pubmed/9485390
https://doi.org/10.1016/j.pharmthera.2010.12.005
http://www.ncbi.nlm.nih.gov/pubmed/21185863
http://www.ncbi.nlm.nih.gov/pubmed/21185863
https://doi.org/10.1016/j.cellsig.2017.09.021
http://www.ncbi.nlm.nih.gov/pubmed/28964968
https://doi.org/10.1038/371252a0
http://www.ncbi.nlm.nih.gov/pubmed/8078586
https://doi.org/10.1042/BJ20070348
http://www.ncbi.nlm.nih.gov/pubmed/17516914
https://doi.org/10.1016/0092-8674(94)90302-6
http://www.ncbi.nlm.nih.gov/pubmed/7913883
https://doi.org/10.1016/j.ydbio.2015.10.025
http://www.ncbi.nlm.nih.gov/pubmed/26522847
https://doi.org/10.1073/pnas.1423598112
https://doi.org/10.2353/ajpath.2010.091278
https://doi.org/10.2353/ajpath.2010.091278
http://www.ncbi.nlm.nih.gov/pubmed/20616347
https://doi.org/10.1385/1-59745-267-X:23
https://doi.org/10.1385/1-59745-267-X:23
http://www.ncbi.nlm.nih.gov/pubmed/17200551
https://doi.org/10.1073/pnas.0407894101
http://www.ncbi.nlm.nih.gov/pubmed/15572448
https://doi.org/10.7554/eLife.31343

e LI FE Research article

Developmental Biology and Stem Cells

Tamura N, Garbers DL. 2003. Regulation of the guanylyl cyclase-B receptor by alternative splicing. Journal of
Biological Chemistry 278:48880-48889. DOI: https://doi.org/10.1074/jbc.M308680200, PMID: 14514678

Ter-Avetisyan G, Rathjen FG, Schmidt H. 2014. Bifurcation of axons from cranial sensory neurons is disabled in
the absence of Npr2-induced cGMP signaling. The Journal of Neuroscience 34:737-747. DOI: https://doi.org/
10.1523/JNEUROSCI.4183-13.2014, PMID: 24431432

Thunemann M, Wen L, Hillenbrand M, Vachaviolos A, Feil S, Ott T, Han X, Fukumura D, Jain RK, Russwurm M, de
Wit C, Feil R. 2013. Transgenic mice for cGMP imaging. Circulation Research 113:365-371. DOI: https://doi.
org/10.1161/CIRCRESAHA.113.301063, PMID: 23801067

Traut TW. 1994. Physiological concentrations of purines and pyrimidines. Molecular and Cellular Biochemistry
140:1-22. DOI: https://doi.org/10.1007/BF00928361, PMID: 7877593

Wang Y, Spatz MK, Kannan K, Hayk H, Avivi A, Gorivodsky M, Pines M, Yayon A, Lonai P, Givol D. 1999. A
mouse model for achondroplasia produced by targeting fibroblast growth factor receptor 3. PNAS 96:4455—
4460. DOI: https://doi.org/10.1073/pnas.96.8.4455, PMID: 10200283

Wendt DJ, Dvorak-Ewell M, Bullens S, Lorget F, Bell SM, Peng J, Castillo S, Aoyagi-Scharber M, O’Neill CA,
Krejci P, Wilcox WR, Rimoin DL, Bunting S. 2015. Neutral endopeptidase-resistant C-type natriuretic peptide
variant represents a new therapeutic approach for treatment of fibroblast growth factor receptor 3-related
dwarfism. Journal of Pharmacology and Experimental Therapeutics 353:132-149. DOI: https://doi.org/10.1124/
jpet.114.218560, PMID: 25650377

Yamashita Y, Takeshige K, Inoue A, Hirose S, Takamori A, Hagiwara H. 2000. Concentration of mRNA for the
natriuretic peptide receptor-C in hypertrophic chondrocytes of the fetal mouse tibia. Journal of Biochemistry
127:177-179. DOI: https://doi.org/10.1093/oxfordjournals.jochem.a0225%91, PMID: 10731681

Yasoda A, Kitamura H, Fujii T, Kondo E, Murao N, Miura M, Kanamoto N, Komatsu Y, Arai H, Nakao K. 2009.
Systemic administration of C-type natriuretic peptide as a novel therapeutic strategy for skeletal dysplasias.
Endocrinology 150:3138-3144. DOI: https://doi.org/10.1210/en.2008-1676, PMID: 19282381

Yasoda A, Komatsu Y, Chusho H, Miyazawa T, Ozasa A, Miura M, Kurihara T, Rogi T, Tanaka S, Suda M, Tamura
N, Ogawa Y, Nakao K. 2004. Overexpression of CNP in chondrocytes rescues achondroplasia through a MAPK-
dependent pathway. Nature Medicine 10:80-86. DOI: https://doi.org/10.1038/nm971, PMID: 14702637

Yasoda A, Ogawa Y, Suda M, Tamura N, Mori K, Sakuma Y, Chusho H, Shiota K, Tanaka K, Nakao K. 1998.
Natriuretic peptide regulation of endochondral ossification. Evidence for possible roles of the C-type natriuretic
peptide/guanylyl cyclase-B pathway. The Journal of Biological Chemistry 273:11695-11700. DOI: https://doi.
org/10.1074/jbc.273.19.11695, PMID: 9565590

Yoder AR, Robinson JW, Dickey DM, Andersland J, Rose BA, Stone MD, Griffin TJ, Potter LR. 2012. A functional
screen provides evidence for a conserved, regulatory, juxtamembrane phosphorylation site in guanylyl cyclase a
and B. PLoS One 7:e36747. DOI: https://doi.org/10.1371/journal.pone.0036747, PMID: 22590601

Shuhaibar et al. eLife 2017;6:e31343. DOI: https://doi.org/10.7554/eLife.31343 20 of 20


https://doi.org/10.1074/jbc.M308680200
http://www.ncbi.nlm.nih.gov/pubmed/14514678
https://doi.org/10.1523/JNEUROSCI.4183-13.2014
https://doi.org/10.1523/JNEUROSCI.4183-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24431432
https://doi.org/10.1161/CIRCRESAHA.113.301063
https://doi.org/10.1161/CIRCRESAHA.113.301063
http://www.ncbi.nlm.nih.gov/pubmed/23801067
https://doi.org/10.1007/BF00928361
http://www.ncbi.nlm.nih.gov/pubmed/7877593
https://doi.org/10.1073/pnas.96.8.4455
http://www.ncbi.nlm.nih.gov/pubmed/10200283
https://doi.org/10.1124/jpet.114.218560
https://doi.org/10.1124/jpet.114.218560
http://www.ncbi.nlm.nih.gov/pubmed/25650377
https://doi.org/10.1093/oxfordjournals.jbchem.a022591
http://www.ncbi.nlm.nih.gov/pubmed/10731681
https://doi.org/10.1210/en.2008-1676
http://www.ncbi.nlm.nih.gov/pubmed/19282381
https://doi.org/10.1038/nm971
http://www.ncbi.nlm.nih.gov/pubmed/14702637
https://doi.org/10.1074/jbc.273.19.11695
https://doi.org/10.1074/jbc.273.19.11695
http://www.ncbi.nlm.nih.gov/pubmed/9565590
https://doi.org/10.1371/journal.pone.0036747
http://www.ncbi.nlm.nih.gov/pubmed/22590601
https://doi.org/10.7554/eLife.31343

