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Recombinant human growth hormone (GH) is commonly used
to treat short stature in children. However, GH treatment has
limited efficacy, particularly in severe, non-GH-deficient condi-
tions such as chondrodysplasias, and potential off-target
effects. Because short stature results from decreased growth
plate chondrogenesis, we developed a cartilage-targeting sin-
gle-chain human antibody fragment (CaAb) aiming to deliver
therapeutic molecules to the growth plate, thereby increasing
treatment efficacy while minimizing adverse effects on other
tissues. To this end, we created fusion proteins of these CaAbs
conjugated with insulin-like growth factor 1 (IGF-1), an
endocrine and/or paracrine factor that positively regulates
chondrogenesis. These CaAb-IGF-1 fusion proteins retained
both cartilage binding and IGF-1 biological activity, and they
were able to stimulate bone growth in an organ culture system.
Using a GH-deficient (lit) mouse model, we found that subcu-
taneous injections of these CaAb-IGF-1 fusion proteins
increased overall growth plate height without increasing prolif-
eration in kidney cortical cells, suggesting on-target efficacy at
the growth plate and less off-target effect on the kidney than
IGF-1 alone. Alternate-day injections of these fusion proteins,
unlike IGF-1 alone, were sufficient to produce a therapeutic ef-
fect. Our findings provide proof of principle that targeting
therapeutics to growth plate cartilage can potentially improve
treatment for childhood growth disorders.

INTRODUCTION
The growth plate is a cartilaginous structure found near the ends of
juvenile long bones and vertebrae. Chondrogenesis at the growth
plate drives longitudinal bone growth and, therefore, height gain in
children.1 Growth plate chondrogenesis is a complex process, which
is extensively regulated by multiple endocrine, paracrine, and intra-
cellular pathways.2 Consequently, many acquired or genetic disorders
that affect these pathways impair growth plate chondrogenesis, result-
ing in short stature. Conversely, each of the endocrine, autocrine, or
paracrine factors that positively regulates chondrogenesis might be
exploited to treat disorders of linear growth. For example, growth
hormone (GH), acting in part through insulin-like growth factor 1
(IGF-1), stimulates growth plate chondrogenesis, and, consequently,
both recombinant human GH and IGF-1 administration can increase
linear growth in a variety of disorders. However, these treatments
have limited efficacy in severe disorders, and they have significant
known and potential adverse effects.

We hypothesized that targeting chondrogenesis-promoting factors
specifically to the growth plate might augment the therapeutic skeletal
effect while diminishing undesirable effects on non-target tissues. To
develop cartilage-targeting therapy, we recently identified several
antibody fragments3 that bind with high affinity to human andmouse
matrilin-3, which is an extracellular matrix protein expressed with
high tissue specificity in cartilage.4

In this study, we generated fusion proteins conjugating these antibody
fragments with IGF-1, and then we tested the hypothesis that the
fusion protein would target the growth plate and, thereby, increase
therapeutic efficacy and decrease off-target actions on other tissues.
We assessed the therapeutic and off-target effects in a GH-deficient
(lit) mouse model.5 The findings provide proof of principle that tar-
geting therapeutic molecules to growth plate cartilage has the poten-
tial to improve treatment for childhood growth disorders.
RESULTS
IGF-1 Fusion Proteins Retained Cartilage-Binding Ability

We previously identified three clones of cartilage-targeting single-
chain variable (scFv) antibody fragments (c13, c22, and c26).3 In
the current study, we used these cartilage-targeting scFvs to generate
fusion proteins of cartilage-targeting IGF-1 (hereafter referred to as
IGF1-c13, IGF1-c22, and IGF1-c26; Figure 1A), and we tested their
potential to deliver IGF-1 to the growth plate cartilage. To this end,
we first used ELISA to assess the ability of our fusion proteins to
bind to matrilin-3 (both human and mouse). All three clones
(IGF1-c13, -c22, and -c26) of IGF-1 fusion proteins bound strongly
to human and mouse matrilin-3. In contrast, the non-targeted fusion
protein (IGF1-NT) did not bind to matrilin-3 (Figure 1B). We also
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Figure 1. Cartilage-Targeting IGF-1 Fusion Proteins Bind to Matrilin-3 and

Cartilage Protein Lysate In Vitro

(A) Schematic diagram depicting the design of cartilage-targeting IGF-1 fusion

proteins IGF1-c13, -c22, and -c26 and non-targeted IGF-1 (IGF1-NT). (B) To assess

binding ability to matrillin-3 (Matn3), ELISA plates were coated with BSA and human

or mouse Matn3, and they were incubated with different IGF-1 fusion proteins or a

commercially available anti-Matn3 antibody (R&D Systems); binding was detected

using an anti-Fc antibody (n = 6). (C) To assess binding specificity to cartilage, ELISA

plates were coatedwith different tissue lysates, incubatedwith different IGF-1 fusion

proteins, and detected with an anti-Fc antibody. All three cartilage-targeting IGF-1

fusion proteins (c13, c22, and c26) bound primarily to cartilage protein lysate

and showed far less binding to lysates of other tissues (n = 6). Bar graph depicts

mean ± SEM.
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assessed the binding specificity of our fusion proteins toward growth
plate cartilage with a panel of nine different mouse organ lysates, and
we found that IGF1-c22 and -c26 showed highly specific binding to
cartilage protein with minimal binding to other organ lysates.
IGF1-c13 also preferably bound to cartilage protein lysate, but the
signal was weaker compared with IGF1-c22 and -c26. As expected,
IGF1-NT did not bind specifically to cartilage proteins (Figure 1C).
We also assessed whether conjugation of antibody fragment to
IGF-1 might affect the intrinsic binding affinity of IGF-1 toward
different tissues using an ELISA detecting IGF-1. We found that
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IGF-1 itself showed minimal binding to any tissue lysate, similar to
IGF-NT (Figure S1). In contrast, IGF1-c22 and -c26 again showed
substantial, specific binding toward cartilage protein lysate, similar
to that observed in Figure 1C.

IGF-1 Fusion Proteins Retained IGF-1 Biological Activity

We next performed cell-based in vitro assays to test whether the anti-
body fragments in the fusion protein interfere with the biological ac-
tivities of IGF-1. Previous studies have shown that IGF-1 treatment in
MCF7 breast cancer cells leads to phosphorylation of Akt.6 After
30 min of treatment with IGF1-c13, IGF1-c22, IGF1-c26, or IGF1-
NT (but not with saline), Akt phosphorylation was detected in
MCF7 cells (Figure 2A). Similarly, ERK phosphorylation, which is
another downstream event of IGF receptor signaling, was also de-
tected (Figure 2B), suggesting that all four IGF-1 fusion proteins re-
tained their ability to initiate IGF signaling in vitro. We also compared
the dose-response relationship of IGF-1 itself and the fusion proteins
on Akt phosphorylation in MCF7 cells, and we found that IGF1-c22,
IGF1-c26, and IGF1-NT all have similar potencies compared with
IGF-1 itself (Figure 2C).

IGF-1 Fusion Proteins Stimulated Metatarsal Bone Growth

Ex Vivo

The results described above demonstrate that the IGF-1 fusion pro-
teins bind specifically to cartilage proteins and can initiate IGF-1 re-
ceptor signaling. We next sought to test whether the IGF-1 fusion
proteins can stimulate longitudinal bone growth in a metatarsal or-
gan culture system. Because our in vitro-binding test (Figure 1C)
suggested better binding ability of IGF1-c22 and -c26 on cartilage
proteins compared with IGF1-c13, we decided to focus our attention
on IGF1-c22 and -c26. We found that IGF-1 alone and our fusion
proteins IGF-c22, -c26, and NT all stimulated metatarsal bone
growth after 3 days of treatment, compared with saline control (Fig-
ure 3), suggesting that these fusion proteins are likely to be biolog-
ically active not only in cell culture but also on whole bone. Because
the metatarsals are in direct contact with the culture medium in this
organ culture system, cartilage targeting is unlikely to be necessary
for the IGF-1 to elicit a biological response. As expected, we did not
see a difference in metatarsal bone growth between IGF1-c22 or
-c26 and the IGF1-NT.

In Vivo Administration of IGF-1 Fusion Proteins in GH-Deficient

(lit) Mice

Encouraged by the effect on metatarsal bone growth, we next sought
to test the ability of the IGF-1 fusion proteins to stimulate the growth
plate in vivo. To this end, we used a lit mouse model,5 which carries a
homozygous mutation in the GH-releasing hormone receptor
(Ghrhr) gene, leading to disruption of Ghrhr function, severe GH
deficiency, and dwarfism. Previous studies have shown that injection
of IGF-1 (15 mg/injection) twice daily over a 1-month period signifi-
cantly increased growth in body weight, body length, and bone
length.7 We aimed to develop a bioassay for growth plate effect that
would be more rapid and, therefore, require production and purifica-
tion of the recombinant proteins on a moderate scale. Measuring



Figure 2. IGF-1 Fusion Proteins Triggered IGF-1

Receptor Signaling

MCF7 cells were serum starved for 16 h and treated with

saline or 15 nM of different IGF-1 fusion proteins for

30 min and assessed for the phosphorylation of Akt (A)

and Erk (B). All four IGF-1 fusion proteins were able to

induce phosphorylation of Akt and Erk in MCF7 cells. (C)

Potencies of IGF-1 fusion proteins (IGF1-c22, -c26, and

-NT) were compared with IGF-1; all showed similar con-

centration-dependent responses.
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bone length after a short treatment regimen would likely have low
sensitivity, because change in bone length is a gradual, cumulative
effect of IGF-1 action on the growth plate. We therefore measured
other, more rapid effects on growth plate activity such as the height
of the proliferative zone cell columns, the size attained by hypertro-
phic chondrocytes, and the overall growth plate height.

As a test of the model system, we injected 5-week-old lit mice twice a
day with IGF-1 (15 mg/injection) or normal saline for 5 days. We
found that 5 days of IGF-1 injection significantly increased all studied
growth parameters of the growth plate (Table 1), with overall growth
plate height providing the most convenient and precise readout.
Therefore, we chose to test the IGF-1 fusion proteins with a 5-day in-
jection treatment regimen and use overall growth plate height as the
endpoint. Using this model system, we confirmed that twice-daily in-
jection of IGF-1 significantly increased growth plate height compared
with saline injection (Figures 4A and 4B), which is consistent with our
findings shown in Table 1; but, we found that once-daily injection of
IGF-1 did not significantly affect the growth plate height compared
with saline (Figures 4A and 4B).

We hypothesized that the IGF-1 fusion proteins would home to
growth plate cartilage after injection, thus show increased efficacy
and duration of action, and, therefore, that once-daily injection of
the fusion proteins, unlike IGF-1 itself, would elicit an effect on
growth. To test this hypothesis, we injected IGF1-NT, -c22, or -c26
fusion proteins (molar equivalent of 15 mg IGF-1/injection) once daily
in lit mice for 5 days. Neither saline nor IGF1-NT significantly
affected growth plate height (Figures 5A and 5B, light gray bar versus
dark gray bar). In contrast, once-daily injection of either IGF1-c22 or
-c26 significantly increased growth plate height after 5 days (Fig-
ure 5B, yellow and orange bars). In these mice, we also measured
the number of chondrocytes per column in the proliferative and hy-
pertrophic zones and the height of the terminal hypertrophic cell (the
last hypertrophic chondrocyte in the column, adjacent to the meta-
physeal bone), and we found that once-daily injection of either
IGF1-c22 or -c26, similar to twice-daily IGF-1, significantly increased
the number of chondrocytes per column in the proliferative zone
(but not the hypertrophic zone) and increased the height of the
terminal hypertrophic cell (Figure S2). Our findings therefore suggest
that the two targeted IGF-1 fusion proteins, at equimolar dosage,
were more effective at stimulating the growth plate compared with
IGF1-NT, presumably because the anti-matrilin constructs were
preferentially binding to cartilage and, therefore, had a higher local
concentration or longer retention at the growth plate.

Reduced Off-Target Effects of IGF-1 Fusion Proteins on Kidney

One major concern with the use of IGF-1 as a therapeutic agent to
treat growth disorder is off-target effects on tissues other than the
growth plate. We therefore measured cell proliferation in the kidney
cortex and medulla after IGF-1 injections (Figures 5C and 5D) to
assess off-target effects of IGF-1. Twice-daily IGF-1 injection
(15 mg/injection) for 5 days significantly increased 5-bromo-2-deox-
yuridine (BrdU) labeling in the kidney compared with saline injection
(Figure 5D, blue bar). Once-daily IGF1-NT (molar equivalent of
15 mg IGF-1/injection) showed a tendency for increased proliferation
but did not reach statistical significance, compared either with saline
or with IGF-1 twice daily (Figure 5D, dark gray bar). Importantly,
neither daily IGF1-c22 nor -c26 injection (molar equivalent of
15 mg IGF-1/injection; Figure 5D, yellow and orange bars) signifi-
cantly increased proliferation in kidney compared with saline, sug-
gesting that cartilage targeting of these IGF-1 fusion proteins pro-
vided growth-promoting effect specifically at the growth plate
(Figures 5A and 5B), without causing significant off-target effects
on other tissues (Figures 5C and 5D).

IGF-1 Fusion Proteins Showed Prolonged Efficacy In Vivo

Because once-daily injections of the cartilage-targeting IGF-1 fusion
proteins showed a growth-stimulating effect similar to that of
twice-daily injections of IGF-1 itself, we explored whether we could
further reduce the treatment frequency of the fusion proteins without
compromising their effects, which could be beneficial when used as a
therapeutic approach in humans. To this end, we injected IGF1-c22
or -c26 (molar equivalent of 15 mg IGF-1/injection) in 5-week-old
lit mice either once only on day 1, or once on day 1 and 3, or once
daily for 4 consecutive days (days 1–4). Once-daily injection of saline
was used as the control, and all mice were sacrificed on day 5 for his-
tological assessment of the growth plate (Figure 6). As expected, daily
injection of IGF1-c22 or IGF1-c26 for 4 days both significantly
increased growth plate height compared with saline injection. Inter-
estingly, every-other day injection of IGF-1 fusion proteins, once
on day 1 and once on day 3, was sufficient to achieve a growth-pro-
moting effect similar to that of daily injections for 4 days (Figure 6,
compare IGF1-c22x2 [every other day] and IGF1-c22x4 [daily]).
This represents a substantial improvement over IGF-1, which re-
quires twice-daily injection of the same molar dose per injection
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Figure 3. IGF-1 Fusion Proteins Triggered Metatarsal Bone Growth Ex Vivo

Fetal metatarsal bones were isolated from mouse embryos at embryonic day (E)18

and cultured for 3 days in the presence of IGF-1 itself or IGF-1 fusion proteins (IGF1-

c22, -c26, and -NT). Compared with saline, IGF-1 or IGF-1 fusion proteins

increased final bone length, suggesting that these fusion proteins are biologically

active not only in cell culture but also in whole-bone culture. Line graph depicts

mean ± SEM. *p < 0.05 versus saline (n = 6).

Table 1. Growth Plate Measurements after IGF-1 Treatment

Normal Saline
(n = 6)

IGF-1 (30 mg/day)
(n = 6)

t Test
p Value

Overall growth plate
height (mm)

110 ± 3 131 ± 5 0.0068

Proliferative zone
height (mm)

45.6 ± 1.5 54.5 ± 2.3 0.0095

Hypertrophic zone
height (mm)

43.0 ± 2.3 50.8 ± 2.2 0.036

Terminal hypertrophic
cell size (mm)

17.3 ± 0.8 20.2 ± 0.7 0.022

IGF-1 treatment was 15 mg/injection twice daily for 5 days.
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(thus four times the dose per day) to achieve a significant increase in
growth plate height.

DISCUSSION
The overall aim of our study was to develop cartilage-targeting therapy
to treat skeletal growth disorders. We previously used yeast display to
identify scFv antibody fragments with high affinity and specificity to-
ward the cartilage-specific protein matrilin-3, and we showed that
these antibody fragments can home to growth plate cartilage when
administered in vivo.3 In the current study, we created fusion proteins
combining these antibody fragments with human IGF-1, and we
showed that at least two of these fusion proteins (IGF1-c22 and
-c26) retained both cartilage-binding ability and IGF-1 biological activ-
ity. Using an ex vivo metatarsal bone culture system, we found that
these IGF-1 fusion proteins can stimulate whole-bone growth. Then
using a GH-deficient (lit) mouse model, we found that these IGF-1
fusion proteins can increase growth plate height in vivo when admin-
istered once daily for 5 days, similar to a twice-daily IGF-1 injection.
Importantly, non-targeted IGF-1 fusion protein did not show any sig-
nificant effect on growth, suggesting the effects of IGF1-c22 and -c26
fusion proteins are due to their ability to target the growth plate to
attain a higher local concentration and/or longer retention time at
the cartilage. For the fusion proteins, the treatment frequency could
be reduced even further to an injection once every other day, and it still
achieved a similar growth-stimulating effect.

We also assessed off-target effects of these fusion proteins by
measuring cell proliferation in the kidney. Daily injection of the
676 Molecular Therapy Vol. 27 No 3 March 2019
fusion proteins IGF1-c22 and -c26 did not increase kidney cell prolif-
eration, whereas twice-daily injection of IGF-1 did increase kidney
proliferation. Thus, for IGF-1 itself, the minimal dosage regimen
required to produce a growth plate effect (15 mg/injection, twice daily)
also produced an off-target effect, whereas, for the fusion proteins, a
dosage regimen able to produce an effect on the growth plate (the
same molar dose per injection but given only once daily) showed
no discernible off-target effect. Even when the same dose of fusion
protein per injection was given every other day, a growth plate effect
was seen. Therefore, the fusion proteins show a substantially wider
therapeutic window.

We did not rigorously establish that the effect of the fusion proteins
was mediated by the activation of IGF1R. It is possible, for example,
that the antibody construct binding to matrilin-3 might stimulate
growth plate chondrogenesis. However, several lines of evidence
would support an IGF1R-mediated mechanism. First, we demon-
strated that the fusion proteins retain the ability to stimulate Akt
and Erk phosphorylation in vitro, suggesting retained ability to act
through IGF1R. Second, the effects of the fusion proteins in vivo
matched precisely with the effects of twice-daily IGF-1—stimulating
an increase in overall growth plate height (Figures 5A and 5B), pro-
liferative zone height, and hypertrophic cell size (Figure S2) (a well-
established effect of IGF-1). It seems unlikely that a non-specific effect
of an antibody construct would match the IGF-1 effect so precisely.

The development of cartilage-targeting proteins opens up new poten-
tial approaches to treat growth plate disorders, including chondrodys-
plasias, secondary growth failure due to disease or treatment, and se-
vere idiopathic short stature. Current growth plate therapy generally
involves systemic treatment with GH or, less often, IGF-1. Recombi-
nant human GH is used in children to treat both GH deficiency and
also to stimulate growth in certain non-GH-deficient causes of short
stature. However, GH treatment has limited efficacy, particularly in
severe conditions, and it has potential off-target effects on tissues
other than the growth plate, such as increased intracranial pressure,
slipped capital femoral epiphysis, insulin resistance, type II diabetes
mellitus,8,9 and possibly an increased risk of cancer. Systemic treat-
ment with IGF-1 also has limited efficacy and has significant potential
adverse effects, which are due to actions on tissues other than the



Figure 4. Effect of Once- or Twice-Daily Injection of IGF-1 on Growth Plate

Height in lit Mice

5-week-old lit mice were injected with normal saline (once daily) or 15 mg IGF-1

(once or twice daily) for 5 days. On day 5, mice were sacrificed, and growth plates

were dissected, fixed, decalcified, and sectioned for quantitative histology. (A)

Histology of post-treatment growth plate. Green bars show the measured growth

plate height. (B) Average growth plate height for each animal was normalized to the

average measurement in the saline-injected group. Bar graph depicts mean ± SEM.

Individual data points (average of a single animal) are shown. *p < 0.05, Holm-Sidak-

corrected pairwise comparison (overall ANOVA p < 0.05) (n = 6–7).

www.moleculartherapy.org
growth plate and which may include hypoglycemia, lymphoid over-
growth, benign intracranial pressure, coarsening of facial features,
and possible increased risk of malignancy.10 It is approved by the
U.S. Food and Drug Administration only for severe IGF-1 deficiency,
for example, caused by mutations in the GH receptor, IGF1 gene, or
the post-GH receptor-signaling pathway,11 and not to augment
growth in other causes of growth failure.12

Coupling growth-regulating endocrine factors to cartilage-binding
antibody fragments has the potential to direct endocrine therapeutic
agents to cartilage, thereby achieving higher local concentrations of
the therapeutic molecules at the growth plate, leading to increased
efficacy and reduced off-target effects. However, it is important to
note that this study involved a mouse model with GH deficiency;
whether or not this treatment would produce a similar effect in
growth failure due to other causes, such as FGFR3 activation, is
not known.

In addition to IGF-1, which acts both in endocrine and paracrine
fashions, there are multiple other paracrine factors that positively
regulate growth plate chondrogenesis and, therefore, might be used
therapeutically, including Indian hedgehog, bone morphogenetic
proteins, and C-type natriuretic peptide. Because these growth factors
are produced locally and act locally in the growth plate, they do not
lend themselves to systemic therapeutic approaches. To overcome
this challenge, we envision that these locally acting molecules could
also be targeted to the growth plate by linking them to the antibody
fragments described here.

Our approach using antibody fragments that target matrilin-3 is de-
signed to increase efficacy at the growth plate while decreasing
adverse effects due to off-target actions on tissues other than cartilage.
However, matrilin-3 is expressed in both growth plate and articular
cartilage. Therefore, our approach is unlikely to decrease any off-
target effects on articular cartilage relative to growth plate cartilage.

In conclusion, we have developed cartilage-targeting IGF-1 fusion
proteins, and we showed that these fusion proteins have a greater
stimulatory effect on the growth plate compared with IGF-1 alone
or a non-targeted fusion protein. As a result, unlike IGF-1 itself, the
fusion proteins were able to stimulate growth plate activity without
any significant off-target effect on kidney. Our findings provide early
proof of principle for the use of cartilage-targeted therapy as a novel
treatment approach for skeletal growth disorders.

MATERIALS AND METHODS
Animals

C57BL/6 mice were obtained from Charles River Laboratory and
GHRHR-mutated (lit) mice were obtained from Jackson Laboratory.
The lit mice were genotyped by Sanger sequencing. All animal pro-
cedures were approved by the National Institute of Child Health
and Human Development Animal Care and Use Committee.

Construction of IGF-1 Fusion Proteins

To generate fusion proteins of cartilage-targeting IGF-1, we used
three (scFv) antibody fragments that bound to human and mouse
matrilin-3, an extracellular matrix protein specifically expressed in
cartilage tissue, with high affinity. These antibody fragments had
previously been derived using yeast display technology.3 To generate
fusion proteins, these antibody fragments were each placed on the
C-terminal side of a sequence encoding the human Fc antibody re-
gion and cloned into plasmid pSecTAG designed for the secretion
and purification of fusion proteins. The DNA sequence for mature
human IGF-1, which is 70 amino acids long and differs from the
mouse IGF-1 by 2 amino acids at the C terminus, was constructed
by overlapping PCR and inserted into pSecTAG at the N terminus
of the human Fc, separated by a short linker Gly-Gly-Gly-Ser)x3
(G4S). A non-targeting IGF-1 fusion protein was constructed by
similarly connecting IGF-1 with the human Fc separated by a
G4S linker, but without the scFv fragment at the C-terminal end.
All fusion protein sequences were confirmed by Sanger sequencing.
The Fc regions of all fusion proteins have been engineered to
remain monomeric,13 unlike the native human Fc that tends to
dimerize. The use of monomeric Fc antibody has the potential
benefit of improved penetration in tissues, especially when trying
to target molecules to cartilage.
Molecular Therapy Vol. 27 No 3 March 2019 677
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Figure 5. Effect of Injection of IGF-1 Fusion Proteins onGrowth Plate Height

of lit Mice

5-week-old lit mice were injected with normal saline (once daily), 15 mg IGF-1 (twice

daily), or the molar equivalent of IGF-1 fusion proteins (once daily) for 5 days. On day

5, mice were sacrificed, and growth plates were dissected, fixed, decalcified, and

sectioned for quantitative histology. (A) Histology of post-treatment growth plate.

Green bars show themeasured growth plate height. (B) Average growth plate height

for each animal was normalized to the average measurement in the saline-injected

group. Bar graph depicts mean ± SEM. Individual data points (average of a single

animal) were included. *p < 0.05, Holm-Sidak-corrected pairwise comparison

(overall ANOVA p < 0.05). (C) Histology of post-injection kidneys stained for BrdU

incorporation (scattered discrete dark brown cells). (D) Number of BrdU-positive

cells in the kidney was counted and normalized to tissue area analyzed. IGF-1 twice-

daily injection increased cell proliferation compared with saline, whereas once-daily

Figure 6. Effect on Growth Plate Height of Increasing the Dose Interval for

IGF1-c22 and -c26 Fusion Proteins

(A) Schematic diagram depicting the injection schedule. 5-week-old lit mice were

injected with IGF1-c22 (B) or -c26 (C) at various frequencies: either once only on day

1 (IGF1-c22x1 or -c26x1), once on both day 1 and day 3 (IGF1-c22x2 or -c26x2), or

once daily for 4 consecutive days (IGF1-c22x4 or -c26x4). Once-daily injection of

saline was used as the control group. All mice were sacrificed on day 5 for histo-

logical measurement of growth plate height. ANOVA was used to calculate overall

statistical significance between groups (p < 0.05), and p values for pairwise com-

parison (versus saline) were corrected for multiple comparisons (Holm-Sidak). Bar

graph depicts mean ± SEM. *p < 0.05 versus saline (n = 6–7).
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Expression of IGF-1 Fusion Proteins in Expi293 Cells

For production and purification, antibody fragments were expressed
in Expi293 cells, a modified HEK293 suspension cell line that
is adapted to serum-free medium and, thus, avoids serum immuno-
globulin G (IgG), which may interfere with antibody fragment
purification. Transfection was performed using ExpiFectamine 293
IGF1-c22 or -c26 injection did not show increased cell proliferation, thus suggesting

the lack of this off-target effect. *p < 0.05, Holm-Sidak-corrected pairwise com-

parison (overall ANOVA p < 0.05) (n = 7–9). Bar graph depicts mean ± SEM.
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Transfection reagent (Life Technologies), according to the manufac-
turer’s instructions. Medium was collected after 4 days of protein
expression.

Purification of Antibody Fragments by Protein A Column

Protein A resin (GenScript, Piscataway, NJ) slurry (2 mL) was packed
into a glass column and equilibrated with 50 mL binding-washing
buffer (0.15 M NaCl and 20 mM Na2HPO4 [pH 8.0]). Culture me-
dium was loaded onto the column. Unbound proteins were washed
away with 100 mL binding-washing buffer. Bound antibodies were
then eluted with 8 mL elution buffer (100 mM acetic acid [pH
3.0]). The eluate was neutralized by 1/10 vol neutralization buffer
(1 M Tris-HCl [pH 9.0]) and dialyzed twice against 100 vol PBS at
4�C overnight, before the purified proteins were concentrated to
the working concentration for injection. The purity of the antibodies
was checked by SDS-PAGE.

Assessment of the Binding Ability and Specificity of Fusion

Proteins

To assess the ability of the fusion proteins to bind to purified ma-
trilin-3, 100 mL human or mouse matrilin-3 protein (2 mg/mL)
was coated onto 96-well plates at 4�C overnight. To assess binding
to cartilage and non-cartilaginous tissues, heart, liver, lung, kidney,
spleen, small intestine, muscle, and distal femoral and proximal
tibial epiphyseal cartilage were dissected from 1-week-old C57BL/
6 mice and homogenized in radioimmunoprecipitation assay
(RIPA) buffer (150 mM NaCl, 50 mM Tris-HCl [pH 8.0], 1 NP-
40, 0.1% SDS, and 0.5% sodium deoxycholate) at 4�C. Tissue debris
was removed by centrifugation. 100 mL tissue lysate was coated onto
96-well plates at 4�C overnight. After blocking with 3% non-fat milk
(200 mL/well), 100 nM of the fusion protein (100 mL) was intro-
duced to each well and incubated at room temperature for 2 h.
Commercial anti-matrilin-3 polyclonal antibody recognizing a 13-
amino acid peptide near the center of human matrilin-3 (Thermo
Scientific, Rockford, IL) served as a positive control. The wells
were then washed with 0.05% Tween-PBS (PBST) four times and
incubated with 50 mL horseradish peroxidase (HRP)-conjugated
anti-Fc antibody (Millipore, Temecula, CA) (diluted 1:5,000 in 3%
non-fat milk) at room temperature for 1 h. Finally, tetramethybezi-
dine (TMB) substrate reagent (eBioscience, San Diego, CA) was
added for color development, and absorbance was read at
450 nm. Each fusion protein was tested in triplicate wells, and the
experiment was repeated. To assess whether the IGF-1 fusion pro-
tein affected the intrinsic binding of IGF-1 to tissues, we performed
another ELISA test where we similarly coated 96-well plates with
different tissue lysates. The wells were then incubated with
100 nM fusion proteins or 100 nM IGF-1 alone (R&D Systems,
Minneapolis, MN) for 2 h. Instead of using an anti-Fc antibody,
an anti-human IGF-1 antibody was used (ab100545, Abcam). Sub-
sequent procedures were performed according to the manufacturer’s
protocol for the human IGF-1 ELISA kit (ab100545, Abcam). Wells
only coated with tissue lysate but without incubation of exogenous
IGF-1 were included for the subtraction of IGF-1 protein present in-
side the tissue (background).
Assessment of IGF-1 Activity in Fusion Proteins

Breast cancer cell line MCF7 cells were plated at 3 � 105 cells/
1,000 mm2 and serum starved for 16 h. Cells were treated with
15 nM IGF-1 (R&D Systems, Minneapolis, MN) or IGF-1 fusion pro-
tein for 30min at 37�C, before proteinswere extractedwithRIPAbuffer
supplemented with proteinase inhibitor cocktail (Sigma-Aldrich) and
PhosSTOP (Sigma-Aldrich). Cell lysates were incubated on ice for
30 min, followed by a 10-min centrifugation at 21,000 � g to remove
cell debris. Western blotting was performed as previously described14

using phospho-Akt (Cell Signaling Technology, 9271S), total Akt
(Cell Signaling Technology, 9272S), phosphor-Erk (Cell Signaling
Technology, 4376S), or total Erk (Cell Signaling Technology, 4695S)
antibody.
Metatarsal Culture

Mouse metatarsal culture was performed as previously described.15

Briefly, the middle three metatarsals were aseptically dissected from
wild-type C57BL/6 mice at embryonic day 18. Bones were maintained
in 500 mL a-minimum essential medium (MEM) supplemented with
0.2% BSA, 0.1 mM b-glycerophosphate, 50 mg/mL ascorbic acid, 1%
penicillin-streptomycin, and 0.1% Fungizone. 15 nM IGF-1 (R&D
Systems) protein or IGF-1 fusion protein was added to the medium.
Bones were incubated individually in 24-well plates in a humidified
incubator at 37�C and 5% CO2 for 3 days, and the medium, contain-
ing IGF-1 or IGF-1 fusion protein, was refreshed daily. Metatarsal
bone lengths were measured daily under a dissecting microscope
using an eyepiece micrometer.15
Injection of IGF-1 Fusion Proteins in lit Mice

As an in vivomodel system, we used GH-releasing hormone-deficient
(lit) mice, which are deficient in GH and, therefore, have decreased
circulating IGF-1, longitudinal bone growth, and body size.7 Begin-
ning at 5 weeks of age (age range: 33–38 days old), they received sub-
cutaneous injections of IGF-1 (R&D Systems, 15 mg/injection) or
IGF-1 fusion protein (molar equivalent of 15 mg IGF-1/injection).
For twice-daily injection of IGF-1, mice were injected once at
9 a.m. and once at 6 p.m. For once-daily injections, mice were injected
in the morning at 24-h intervals.

After mice were sacrificed, growth plates were dissected, fixed, and
decalcified. Samples were embedded in paraffin, and 10-mm sections
were mounted on Superfrost Plus slides (Thermo Fisher Scientific).
Histological evaluations were performed on Masson Trichrome-
stained epiphyseal sections, which were visualized using a ScanScope
CS digital scanner (Aperio Technologies) under bright-field micro-
scopy. All histological measurements were performed in the central
two-thirds of the growth plate sections, as previously described.16

Overall growth plate height was defined as the distance between the
edge of the secondary ossification center to the bottom of the hyper-
trophic zone where trabecular bone started to form. For each growth
plate section, we performed 5 measurements of growth plate height,
number of proliferative cells per column, and number of hypertrophic
cells per column and 10 measurements of terminal hypertrophic cell
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height, and then averages were taken from 8 growth plate sections for
each animal.

BrdU Staining for the Measurement of Proliferation in Kidney

To assess cell proliferation, BrdU (Sigma-Aldrich, St. Louis, MO;
0.1 mg/g body mass, intraperitoneally [i.p.]) was injected 2 h before
mice were killed. Whole kidneys were dissected, formalin fixed, and
paraffin embedded. Sagittal sections were made close to the middle
of the kidney and mounted on Superfrost Plus slides. BrdU labeling
was detected by immunohistochemistry using the BrdU In Situ
Detection Kit (BD Biosciences, San Jose, CA) and counterstained
with methyl green. Sections were visualized using a ScanScope CS dig-
ital scanner (Aperio Technologies) under bright-field microscopy.
BrdU-positive cells were counted in the whole kidney section. For
each animal, averages were taken from 4 kidney sections. BrdU-pos-
itive counts were then normalized to the area of measurement.

Statistical Analysis

Data are presented as mean ± SEM. Line graphs and bar graphs were
generated with SigmaPlot11. ANOVA analyses were performed in
SigmaPlot 11. One-way ANOVA was used when comparing a single
parameter (such as growth plate height) amongmultiple groups (such
as saline versus IGF-1 versus fusion protein 22 versus fusion protein
26). p values were corrected for multiple comparisons, whenever
appropriate, using the Holm-Sidak method.
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