Cryptochromes regulate IGF-1 production and
signaling through control of JAK2-dependent

STATSB phosphorylation
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ABSTRACT Insulin-like growth factor (IGF) signaling plays an important role in cell growth
and proliferation and is implicated in regulation of cancer, metabolism, and aging. Here we
report that IGF-1 level in blood and IGF-1 signaling demonstrates circadian rhythms. Circa-
dian control occurs through cryptochromes (CRYs)—transcriptional repressors and compo-
nents of the circadian clock. IGF-1 rhythms are disrupted in Cry-deficient mice, and IGF-1
level is reduced by 80% in these mice, which leads to reduced IGF signaling. In agreement,
Cry-deficient mice have reduced body (~30% reduction) and organ size. Down-regulation of
IGF-1 upon Cry deficiency correlates with reduced Igf-1 mRNA expression in the liver and
skeletal muscles. Igf-1 transcription is regulated through growth hormone-induced, JAK2
kinase-mediated phosphorylation of transcriptional factor STAT5B. The phosphorylation of
STAT5B on the JAK2-dependent Y699 site is significantly reduced in the liver and skeletal
muscles of Cry-deficient mice. At the same time, phosphorylation of JAK2 kinase was not
reduced upon Cry deficiency, which places CRY activity downstream from JAK2. Thus CRYs
link the circadian clock and JAK-STAT signaling through control of STAT5B phosphorylation,
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which provides the mechanism for circadian rhythms in IGF signaling in vivo.

INTRODUCTION

Insulin-like growth factor-1 (IGF-1) is an essential paracrine and
autocrine factor for tissue homeostasis, growth, and develop-
ment (Rother and Accili, 2000; Dupont and Holzenberger, 2003;
Rosenfeld and Hwa, 2009; Clemmons, 2012). The production of
IGF-1 and IGF signaling needs to be precisely regulated because
both low and high IGF-1 production may have negative effect on
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physiology: a low level of IGF-1 might compromise development
and tissue regeneration (Rosenfeld and Hwa, 2009; Vottero
et al.,, 2013), whereas a high level of IGF-1 is implicated in the
development of cancer, metabolic diseases, and aging (Anisimov
and Bartke, 2013; Junnila et al., 2013). The majority of the blood-
circulating (plasma) IGF-1 is produced by the liver, with a small
contribution from other tissues (Liu et al., 1998). Production of
IGF-1 in the liver and in other tissues is regulated by growth hor-
mone (GH)-dependent control of transcription (Herrington et al.,
2000; Herrington and Carter-Su, 2001; Rotwein, 2012; Chia,
2014). GH binds its receptor (GHR) and induces activation of the
receptor-associated tyrosine kinase Janus kinase2 (JAK2). JAK2
phosphorylates the intracellular part of GHR, which results in en-
gagement of the JAK-signal transducer and activator of tran-
scription (STAT) signaling pathway (Lanning and Carter-Su, 2006).
Transcriptional factors from the STAT family are recruited to the
phosphorylated receptor and get phosphorylated on the Tyr resi-
due by JAK2 (Herrington et al., 2000; Rotwein and Chia, 2010;
Chia, 2014). After dissociation from the receptor, phosphory-
lated STATs form dimers, translocate to the nucleus, and bind to
specific sites and regulate transcription. STAT1, STAT3, STAT5A,
and STAT5B are phosphorylated upon GH/GHR interaction, and
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2000; Schibler and Sassone-Corsi, 2002).
Transcriptional factor BMALT in complex
with another circadian clock transcriptional
factor CLOCK or NPAS2 positively regu-
lates expression of genes for crypto-
chromes 1 and 2 (Cry1 and Cry2) and peri-
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FIGURE 1: Cry1, 2-/- mice have reduced body weight and size. (A) Cry1, 2—/- males are
smaller than WT males of the same age. (B) Cry1, 2-/— males (red squares) have reduced body
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ods 1 and 2 (Per1 and Per2; Vitaterna et al.,
1999). In turn, the cryptochrome 1 and 2
proteins (CRY1, 2) interact with PER1, 2
proteins and act as negative regulators of
the BMAL1/CLOCK transcriptional activity
and their own expression. This negative

::Sl " feedback loop formed by BMAL1, CLOCK,

’ CRYs and PERs is essential for circadian

clock activities. The BMAL1:CLOCK

(NPAS2) complex also regulates the ex-

pression of Rev-Erbs and RORs genes,

whose products in turn negatively and

positively regulate the expression of the

Bmal1 gene and therefore form another

T feedback loop (Schibler and Sassone-
s Corsi, 2002). There are two mammalian Cry
— genes, Cryl and Cry2, with redundant
— functions; double knockout of these genes

results in disruption of circadian rhythms in
behavior and gene expression (Van der Horst
et al.,, 1999; Carter-Su et al., 2000). Here we
report that CRYs are involved in regulation of
IGF-1 production and signaling.

24 Months

weight compared with WT (blue diamonds) males (N = 16 for each genotype). The difference

between genotypes is statistically significant (p < 0.001) at all ages, starting at 10 d of age.

(C) Size of visceral organs are reduced in Cry1, 2-/— males. (D) Weight of visceral organs is
reduced in Cry1, 2—/— males. Organ weights were assayed for WT (blue bars) and Cry1,

2-/- (red bars) for 5-mo-old males (N = 16 for each genotype); the difference between
genotypes is statistically significant (p < 0.001). (E) Weight of WT (blue bars), Cry1-/- (red bars),
Cry2-/- (green bars), and Cry1, 2-/- (purple bars) males at three different ages (N = 6 for every
age group for every genotype). *Statistically significant difference between genotypes

(p < 0.05).

STAT5B is recognized as a critical intermediate of GH action in
rodents and humans (Hwa et al., 2011; Rotwein, 2012; Varco-
Merth and Rotwein, 2014).

The plasma IGF-1 level changes during the day, suggesting
some circadian control, but molecular mechanisms are not known.
The circadian clock generates rhythms in physiology and behavior
known as the circadian rhythms (Schibler and Sassone-Corsi, 2002;
Dardente and Cermakian, 2007; Dibner et al., 2010) and synchro-
nizes the processes in organisms with the environment. The mam-
malian central circadian clock is located in the suprachiasmatic
nucleus of the hypothalamus and controls the activities of periph-
eral clocks that are found in almost every organ system (Mohawk
et al.,, 2012). Disruption of the circadian clock causes the desyn-
chronization between the environment and central and peripheral
clocks, which leads to metabolic defects in animal models and
may increase the risk of a variety of diseases, such as diabetes and
cancer in humans (Schernhammer et al., 2003; Levi et al., 2007;
Green et al., 2008; Maury et al., 2010; Kondratova and Kondratoyv,
2012). The circadian clock has been implicated in regulation of
aging and development of cancer (Fu et al., 2002; Froy and Miskin,
2010; Khapre et al., 2014a) but the mechanisms are mostly un-
known. On the cellular level, the circadian clock is formed by inter-
linked negative and positive feedback loops (Shearman et al.,

Volume 28 March 15, 2017

RESULTS

Cry1,2-/- mice develop dwarfism

We noticed that Cry1,2—/— mice are smaller
than wild-type (WT) mice of the same age.
The sizes of 5-mo-old WT and Cry1,2—/-
males are compared in Figure 1A; a similar
size difference was observed for female
mice. We decided to investigate the differ-
ence in size in more detail. Figure 1B pres-
ents growth curves of male mice of both genotypes (see Supple-
mental Figure S1A for females). The difference between genotypes
is seen already at weaning (3 wk of age); the observed difference
was statistically significant for all ages. The weight of male
Cry1,2—/- mice was ~70-75% of the weight of WT males; the
weight of female Cry1,2-/- mice was ~65-70% of the weight of
WT females (the difference changed with age). We checked
whether the size and weight reduction are proportional or the re-
duced weight is due to the reduction of the weights of some par-
ticular organs and tissues. We measured the weights of all major
organs in 5-mo-old animals, when both WT and Cry1,2—/- mice
reached their adult size. As shown in Figure 1, C and D, for males
and Supplemental Figure S1B for females, all major organs, in-
cluding brain, liver, heart, and kidneys, were proportionally re-
duced in their size and weight; therefore we conclude that
Cry1,2—/- mice are proportionally smaller than WT mice. CryT and
Cry2 genes are partially redundant; therefore we checked whether
a deficiency of either of them would be sufficient to induce dwarf-
ism. Body weights of Cry1-/- and Cry2—/— mice at three different
ages (Figure 1E for males and Supplemental Figure S1C for fe-
males) were similar to the body weight of WT mice. Thus defi-
ciency of both CryT and Cry2 genes is necessary for body size
reduction.
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reduced level of circulating IGF-1 correlated
with the reduced body size of the Cry1, 2—/—
mice (Bartke and Brown-Borg, 2004).

mwt Cry1—/- and Cry2—/- mice did not dem-
onstrate any reduction in body size (Figure
W Cryl-/- 1E); therefore we decided to assay whether
" Cry2-/- deficiency of both Cry1 and Cry2 is neces-
sary for the effects on the circulating IGF-1.
mcry1,2-/- We compared plasma IGF-1 levels for WT

and single or double Cry knockouts at two
times of the day, ZT6é and ZT18, which cor-
responded to the high and low levels of
plasma IGF-1 in WT mice. We found a 30%
reduction of the IGF-1 level in CryT—/— mice
at ZT6 (compare with 80% reduction in
Cry1,2—/- mice; Figure 2B). There was no

ZT18

- =

difference between WT, Cryl-/~, and

Cry2—-/- at ZT18 and no difference between
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WT and Cry2—/- at ZTé. Thus deficiency of

both Cry genes is necessary for down-regu-

lation in the circulating IGF-1 level, which

correlates well with the effects of CRY defi-

ciency on the body size.

Thus we observed significant down-
regulation of the circulating IGF-1 levels in
Cry1,2—/- mice. The major source of the
circulating IGF-1 is the liver (Yakar et al.,
1999); therefore we compared the levels of
the IGF-1 protein in the livers of WT and
Cry1, 2—/- mice (Figure 2C). In WT mice,
the liver IGF-1 level displayed oscillations
(with the highest level of IGF-1 expression
at ZT18-ZT2), and Cry1,2 deficiency re-
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FIGURE 2: CRY deficiency affects IGF-1 level in plasma and tissues. (A) Daily rhythms of plasma
IGF-1 in WT AL (blue diamonds) and Cry1, 2—/- AL (red squares) males (N = 3 per time point).
(B) Plasma IGF-1 levels for WT (blue bars), Cry1-/- (red bars), Cry2—/- (green bars), and Cry1,
2-/- (purple bars) males at ZT6 and ZT18 (N = 6 per time point). (C) Representative Western
blotting (pooled extracts from three mice per time point) of IGF-1 expression in the liver (left)
and skeletal muscle (right) of WT and Cry1, 2-/— male mice. (D) Quantification of IGF-1 in the
liver (left) and skeletal muscle (right) of WT AL (blue diamonds) and Cry1, 2—/— (red squares)
male mice (N = 3 per time point). The quantification data for the liver and skeletal muscles are
presented as relative arbitrary units; note that these units are different for the liver and skeletal
muscle graphs because the levels of IGF1 protein and Igf1 mRNA in the liver are orders of
magnitude higher than in skeletal muscle. Different exposure time was used for Western blots in
the liver and skeletal muscles. *Statistically significant difference between genotypes (p < 0.05).

Light was on at ZTO and off at ZT12.

Cry1,2—/— mice have a reduced production of IGF-1

Reduced activity of the somatotropic (GH/IGF-1) axis is one of the
major causes of dwarfism in rodent and humans (Bartke and Brown-
Borg, 2004; Chia, 2014). We assayed the levels of IGF-1 in the
plasma of WT and Cry1,2—/- mice. We observed that in WT mice,
the levels of the circulating IGF-1 demonstrated a statistically signifi-
cant daily oscillation, with the highest value at zeitgeber time 2 h
(ZT2)-ZT6 and the lowest value at ZT14-ZT22 (Figure 2A). We ob-
served a significant reduction in the levels of the circulating IGF-1 in
Cry1,2—/- mice at all six time points tested (Figure 2A). The circulat-
ing IGF-1 level was reduced by ~60-80% for Cry1,2—/- (depending
on the time of the day). Thus, similar to other models of dwarfism, a
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i sulted in reduction of liver IGF-1 levels (the
difference between the genotypes was sig-
nificant at three of six time points). Many
other tissues also produce IGF-1, and, al-
though IGF-1 from these sources does not
significantly affect the levels of the circulat-
ing hormone, it still plays an important role
in paracrine signaling (Liu et al., 1998).
Therefore we also determined the IGF-1
level in skeletal muscle (Figure 2C). In WT,
the level of skeletal muscle IGF-1 was sig-
nificantly lower at ZT10 than at other time
points. Similar to the effect in the liver, we
observed significant down-regulation of
skeletal muscle IGF-1in Cry1,2—/- mice (the
difference between the genotypes was sig-
nificant at all time points except for ZT10).
Thus Cry1,2 deficiencies resulted in down-regulation of IGF-1 pro-
duction in different tissues.

IGF-1 signaling is reduced in Cry1,2—/- mice

IGF-1 promotes growth of muscle, bone, and adipose tissues in
mammals (Anisimov and Bartke, 2013; Chia, 2014); skeletal muscles
are one of the main targets of IGF-1. We decided to see whether
IGF-1 signaling is affected in skeletal muscles of Cry1,2—/— mice. The
receptor for IGF-1 is the tyrosine kinase IGF-1R (Kavran et al., 2014).
Binding of IGF-1 to IGF-1R leads to receptor activation and auto-
phosphorylation on Y1137/1138 in mouse (Y1135/1136 in human
IGF-1R; Ullrich et al., 1986). We compared IGF-1R phosphorylation

Molecular Biology of the Cell
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FIGURE 3: IGF signaling is reduced in skeletal muscle of Cry1, 2-/~ mice. (A) Representative Western blotting (pooled
extracts from three mice per time point) of phospho-IGF-1R on Y1137/1138, PDK1 on S241, and AKT on S473 in
skeletal muscle of WT (blue diamonds) and Cry1, 2-/- (red squares) male mice. (B) Quantification of phospho—IGF-1R on
Y1137/1138, PDK1 on S241, and AKT on S473 in skeletal muscle of WT (blue diamonds) and Cry1, 2—/— (red squares)
male mice (N = 3 per time point). (C) mRNA expression of FOXO transcriptional targets in skeletal muscle of WT (blue
diamonds) and Cry1, 2-/- (red squares) male mice (N = 3 per time point). *Statistically significant difference between

genotypes (p < 0.05). Light was on at ZTO and off at ZT12.

in skeletal muscles of WT and Cry1,2—/— mice (Figure 3, A and B). In
skeletal muscles of WT mice, IGF-1R phosphorylation significantly
oscillated during the day, with the highest level of phosphorylation
at ZT6-ZT10, in agreement with the highest level of the circulating
IGF-1. The level of Y1137/Y1138 phosphorylation was significantly
reduced in Cry1, 2-/— muscles, again in agreement with significantly
reduced IGF-1 in plasma. PDK1 and AKT are protein kinases that act
downstream of IGF-1R (Schiaffino and Mammucari, 2011). They are
not direct targets of IGF-1R but are phosphorylated and activated
upon IGF-1 binding to IGF-1R. We assayed the phosphorylation of
PDK1 on S241 and AKT on S473 (Figure 3, A and B). In WT mice,
PDK1 S241 phosphorylation oscillated during the day, with the high-
est level at ZT10-ZT14, which correlated with IGF-1R Y1137/1138
phosphorylation. There was an additional peak of high PDK1 S241
phosphorylation at ZT2. AKT-S473 phosphorylation was high at the
dark phase of the day; thus AKT phosphorylation was delayed com-
pared with IGF-1R phosphorylation or PDK1 phosphorylation. In
skeletal muscles of Cry1, 2-/- mice, phosphorylation of both PDK1
and AKT was significantly reduced (reduction by 30-70% for PDK1
and by 60-80% for AKT, depending on the time of the day). Of inter-
est, AKT phosphorylation was still rhythmic in skeletal muscles of
Cry1, 2-/- mice, with a high level of phosphorylation at night.

IGF-1 signaling is evolutionarily conserved; in many organisms,
reduction of IGF-1 signaling leads to activation of the transcriptional
factor FOXO. We assayed the expression of FOXO targets MURF1
and Myogenin in skeletal muscles of WT and Cry1, 2—/- mice (Figure
3C). We found that expression was up-regulated at ZT14-ZT22 for
MURF1 and at ZT2 and ZT10-ZT22 for Myogenin. These results are
in good agreement with reduced IGF-1 signaling. Of interest, we
also found that expression of the FOXO target genes significantly
oscillated across the day in both WT and the circadian mutant, with
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different patterns, suggesting circadian clock-dependent and —in-
dependent effects of time of the day. Data in Figure 3 argue that
IGF-1 signaling is significantly reduced in skeletal muscles of Cry1,
2—/- mice. Thus deficiency of CRYs resulted in reduced plasma
IGF-1 levels and reduced tissue IGF-1 levels and IGF-1 signaling in
skeletal muscles, which may be a reason for the observed reduced
body size of Cry1, 2—/— mice.

STAT5-dependent regulation of IGF-1 expression is
disrupted in the liver and skeletal muscles of Cry1,
2—/- mice
Reduced levels of IGF-1 in the plasma and tissues of Cry1, 2—/-
mice indicate that production of IGF-1 is compromised in these
mice. We assayed the expression of IgfT on the mRNA level across
the circadian cycle in the liver of Cry1, 2/~ mice and compared it
with the expression in the liver of WT mice. As shown in Figure 4A,
Igf1T mRNA expression in the liver of WT mice significantly changed
during the day, with the highest expression between ZT14 and ZT22
and the lowest expression at ZT2-ZTé. Cry deficiency resulted in a
significant reduction of Igf-1 expression in the liver (the difference
was significant at all six time points). In skeletal muscle of WT mice
(Supplemental Figure S2A), the Igf-1 mRNA level did not show any
significant rhythms across the day, whereas in skeletal muscle of
Cry1, 2-/- mice, expression was reduced at all six time points,
which correlates with the reduced IGF1 protein level in skeletal
muscles. Thus reduced Igf-T mRNA expression may contribute to
the observed reduced IGF1 protein level in the tissues of CryT,
2—/— mice.

The transcriptional factor STAT5B is the major regulator of Igf-1
transcription (Herrington et al., 2000). STAT5B activity is regulated
by phosphorylation: phosphorylated STATS5B is transported from

Circadian clock and IGF-1 | 837
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FIGURE 4: Igf-1 mRNA expression and STAT5 phosphorylation but not JAK2 phosphorylation is down-regulated in the
liver of Cry1, 2-/- mice. (A) Daily rhythms of Igf-1 (top) and ALS (bottom) mRNA expression in the liver of WT (blue
diamonds) and Cry1, 2-/- (red squares) males. (B) Representative Western blotting (pooled extracts from three mice per
time point) of phosphorylation of STAT5B on Y699 in the liver of WT and Cry1, 2-/- male mice. (C) Quantification of
phosphorylation of STAT5B on Y699 in the liver of WT (blue diamonds) and Cry1, 2-/- (red squares) male mice.

(D) Representative Western blotting (pooled extracts from three mice per time point) of phosphorylation of JAK2 on
Y1007 in the liver of WT and Cry1, 2-/— male mice. (E) quantification of phosphorylation of JAK2 on Y1007 in the liver of
WT (blue diamonds) and Cry1, 2/~ (red squares) male mice (N = 3 per time point). *Statistically significant difference

between genotypes (p < 0.05). Light was on at ZT0 and off at ZT12.

the cytoplasm to the nucleus and drives the expression of its tar-
get genes (Herrington et al., 2000). We assayed the levels of
STAT5B phosphorylation on Y699 (used as a marker of STAT5B
activation). We found that in the liver of WT mice (Figure 4B),
STATS5B phosphorylation significantly changed across the day, with
the lowest phosphorylation level at ZT2, which correlates with the
lowest level of Igf-1 mRNA transcription, and the highest phos-
phorylation level at ZT10 and ZT18, which correlates with the high-
est Igf-1 mRNA level. Of interest, the level of total STAT5B protein
did not change significantly across the day, which suggests that
regulation occurs predominantly on the level of phosphorylation.
In the liver of Cry1, 2-/- mice, STAT5B phosphorylation was sig-
nificantly reduced. We also observed some small reduction in the
level of total STATSB in the liver of Cry1, 2—/— mice, but this reduc-
tion was not significant compared with the effect on STAT5B phos-
phorylation. The difference in phosphorylation was dramatic even
after normalization on total protein level (the quantification of rela-
tive STAT5B phosphorylation presented in Figure 4C). We also as-
sayed the expression of other known transcriptional targets of
STAT5B—acid-labile subunit (ALS) and IGF-binding protein 3
(IGFBP-3; Woelfle and Rotwein, 2004). As shown in Figure 4A
(middle and bottom), ALS and IGFBP-3 expression was signifi-
cantly reduced in the liver of Cry1, 2—/- mice at several times of

838 | A. Chaudharietal

the day, in agreement with reduced STAT5B transcriptional activ-
ity. In skeletal muscles, we observed similar effects of Cry defi-
ciency on STAT5B phosphorylation (Supplemental Figure 2, B and
C). In WT, STAT5B phosphorylation oscillated across the day, with
highest level at ZT10-ZT14. Phosphorylation was statistically sig-
nificantly reduced in Cry1, 2-/- at ZT10 and ZT14 (Supplemental
Figure S2B).

STATS5B is phosphorylated by the protein kinase JAK2. JAK2 ki-
nase is activated by GHR upon binding to GH. Activated JAK2 can
be monitored by assaying JAK2 phosphorylation on Y1007. Data on
JAK2 phosphorylation on T1007 are presented in Figure 4D. In the
liver of WT mice, the level of phosphorylation changed across the
day with low amplitude. In the liver of Cry1, 2-/- mice, we also ob-
served daily changes in JAK2 phosphorylation. The pattern of JAK2
phosphorylation was different compared with WT, but statistical
analysis did not reveal a significant difference. In skeletal muscles of
WT mice, JAK2 phosphorylation showed some moderate changes
(Supplemental Figure 2, D and E). Of importance, we did not detect
any reduction in JAK2 phosphorylation in the tissues of Cry1, 2-/-
mice: on the contrary, we observed a significant increase in the
phosphorylation at several time points; therefore the reduced phos-
phorylation of STAT5B was not a consequence of reduced JAK2
phosphorylation.

Molecular Biology of the Cell
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FIGURE 5: The expression of CISH is up-regulated in the liver of
Cry1, 2-/- mice. (A) Representative Western blotting (pooled
extracts from three mice per time point) of expression of SOCS1,
SOCS2, SOCS3, and CISH in the liver of WT and Cry1, 2-/- male
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and CISH in the liver of WT (blue diamonds) and Cry1, 2—/- (red
squares) male mice (N = 3 per time point). *Statistically significant
difference between genotypes (p < 0.05). Light was on at ZT0 and
off at ZT12.

Expression of CISH is up-regulated in the liver of

Cry1, 2-/- mice

Proteins from the suppressors of the cytokine signaling (SOCS)
family are negative regulators of JAK2 signaling. SOCS1, SOCS2,
SOCS3, and cytokine-inducible SH2-containing protein (CISH or
CIS) have been implicated in control of the GHR/JAK2/STAT5B
pathway. We analyzed the expression of these proteins in the liver
of WT and Cry1, 2—/— mice (Figure 5). We did not detect any sig-
nificant changes in SOCS2 expression. Expression of SOCS1 and
SOCS3 was reduced at some times of the day (at ZT2 for SOCS1
and ZT10 for SOCS3). Expression of CISH was significantly up-
regulated at all time points in the CRY-deficient liver, and this
change in expression correlated with reduced STAT5B phosphory-
lation and could be one of the contributing factors. To further un-
derstand the mechanism of regulation, we also assayed the ex-
pression of mMRNA for these genes (Figure 6). We found that, in
agreement with protein data, expression of SOCS2 mRNA was
not significantly affected by CRY deficiency. Expression of SOCS1
and SOCS3 genes was reduced at some time points. This down-
regulation of expression was not surprising; indeed, the transcrip-
tion of these genes is positively regulated by STAT5B, and there-
fore their expression is expected to be reduced under conditions
of low STAT5B activity. The expression of CISH was significantly
increased across the day, which suggests that CRYs—known tran-
scriptional repressors—might regulate CISH on the level of mMRNA
expression.
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FIGURE 6: effect of CRY deficiency on the expression of SOCS
and CISH mRNA in the liver. Daily profiles of mRNA expression of
indicated SOCS family member genes in the liver of WT (blue
diamonds) and Cry1, 2-/- (red squares) male mice (N = 3 per time
point). *Statistically significant difference between genotypes

(p < 0.05). Light was on at ZT0 and off at ZT12.

DISCUSSION

Deciphering the mechanisms of regulation of IGF-1 signaling will
contribute to understanding mechanisms of cancer, metabolic dis-
eases, and aging. IGF-1 production is regulated through the GH/
GHR/JAK2/STATS signaling cascade (Herrington and Carter-Su,
2001). Interaction of GH with GHR leads to activation and auto-
phosphorylation of receptor-associated protein kinase JAK2 and
phosphorylation of the receptor. Receptor phosphorylation creates
binding sites for STAT5B transcriptional factors that are also phos-
phorylated by JAK2, and as a result of this phosphorylation, STAT5B
factors form a dimer and translocate to the nucleus, where STAT5B
drives the expression of target genes, including Igf-1 (Herrington
et al., 2000).

We found that CRYs are essential players in the regulation of
IGF-1 production and IGF-1 signaling. CRYs are photolyase-like pro-
teins, but in mammals, they do not have any detectable photolyase
activity (Sancar, 2000). CRYs are essential for circadian clock func-
tions: indeed, Cryl, 2-/~ mice do not demonstrate circadian
rhythms in physiology and behavior in constant darkness (van der
Horst et al., 1999; Vitaterna et al., 1999). CRYs act as transcriptional
repressors and suppress the expression of genes controlled by the
BMAL1:CLOCK transcriptional complex (Kume et al., 1999). CRYs
also modulate the transcriptional activity of glucocorticoid receptor
(Lamia et al., 2011) and CREB (Zhang et al., 2010). We observed that
Cryl1, 2—/- mice developed dwarfism, manifested by reduced
weight and size of all major organs and the body as a whole. The
reduced size of Cry1, 2—/- mice is associated with reduced produc-
tion of IGF-1 by the liver and skeletal muscles and reduced IGF-1
signaling in skeletal muscles. We analyzed plasma IGF-1 levels
across the day and observed the circadian nature of rhythms of
plasma IGF-1 in WT mice. These rhythms were impaired in CryT,
2—/- mice. In agreement with the oscillation of plasma IGF-1, we
detected daily oscillations of IGF-1 receptor phosphorylation and
phosphorylation of its downstream targets PDK1 and AKT. IGF-1R
and PDK1 phosphorylation did not show circadian rhythms, whereas
AKT phosphorylation was rhythmic. In Cry1, 2—/- mice, phosphory-
lation of IGF-1R, PDK1, and AKT was significantly reduced; however,
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phosphorylation of AKT was still rhythmic in the circadian manner.
Thus rhythms in the IGF-1 and IGF-1 signaling can be regulated
through circadian clock-dependent and -independent mecha-
nisms. For example, there are other biological clocks, such as the
food-entrainable oscillator, able to generate 24-h rhythms (Mistl-
berger, 2011). Bioavailability of IGF-1 is also regulated by IGF-BPs
(Leroith, 1996), whose plasma levels might also oscillate during the
day; in addition, some internal feedback mechanisms might be
involved.

There are several models of dwarfism in mice, which are associ-
ated with reduced IGF-1 secretion and reduced IGF-1 signaling
(Bartke and Brown-Borg, 2004; Quarrie and Riabowol, 2004). Cry1,
2-/- mice represent a novel model of dwarfism. Indeed, Ames and
Snell mice lack cells producing GH in the pituitary; both mice do not
produce detectable GH and also do not produce prolactin and thy-
roid-stimulating hormone. Mice with a mutation in GH-releasing
hormone receptor, called “Little” mice, have significantly reduced
GH levels. Thus, for all of the aforementioned models, reduced
IGF-1 production is secondary to reduced GH level. GHR- deficient
mice (Laron mice) have increased circulating GH level but are resis-
tant to the action of GH due to absence of the receptor. These mice
were developed as an animal model of human Laron dwarfism syn-
drome. Thus, in contrast to Ames, Snell, or Little mice, both Laron
and Cry1, 2-/- mice have reduced IGF-1 but normal GH levels. The
difference between Cry1, 2-/- mice and Laron mice is that Laron
mice do not have GHR and downstream signaling; in addition, they
lack the GH-binding protein, which is a product of GHR processing,
whereas Cry1, 2—/— mice have GHR activation, as judged by JAK2
phosphorylation. In Cry1, 2—/- mice, the daily pattern of JAK2 phos-
phorylation was affected but there was no reduction in its level,
which, to the contrary, was rather increased. Thus activation of JAK2
is not affected by CRY deficiency, in agreement with a report stating
that the GH level is not significantly affected in Cry1, 2—/— mice (Bur
et al., 2009). Therefore Cry1, 2-/- mice represent the model of re-
duced GH sensitivity down from the GHR receptor. The body size of
Cry1, 2—/- mice was similar to that of mice overexpressing fibroblast
growth factor 21 (FGF21; Inagaki et al., 2008). Also similar to CryT,
2-/-, FGF21 transgenic mice have reduced STAT5B phosphoryla-
tion but unaffected JAK2 phosphorylation (Inagaki et al., 2008). It
would be interesting to study whether CRYs and FGF21 are part of
the same mechanism or regulate IGF-1 production independently.
Whereas regulation of IGF-1 production is considered a major out-
come of GHR signaling, further study is necessary to find whether all
signaling downstream of GHR (Herrington and Carter-Su, 2001) is
not affected in these mice or is specific for STATS phosphorylation
and IGF-1 production.

Circadian disruption is associated with reduction of lifespan in
several animal models (Yu and Weaver, 2010). It is unclear whether
the rhythms per se or the physiological activity of a particular clock
protein are important for lifespan regulation. All of the aforemen-
tioned dwarf mice have increased lifespan. Lifespan of Cry1, 2—/-
mice is unknown; deficiency of either Cry1 or Cry2 does not signifi-
cantly affect lifespan in mice (Destici et al., 2013), probably due to
partial redundancy of CRY proteins, in agreement with our not de-
tecting any significant effect of single-gene deficiency in IGF-1
plasma level. It will be of interest to determine the lifespan of CryT,
2—/— mice.

Reduced IGF-1 signaling results in reduced cell proliferation
and contributes to the known anticancer activity of CR in rodents
(Anisimov and Bartke, 2013). For example, CR reduces the tumor
rate of p53-deficient tumors in mice through an IGF-1 dependent
mechanism (Dunn et al., 1997). Of interest, mice deficient for p53
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and Cry1, 2 genes have significantly delayed tumor formation and
increased survival compared with p53—/- mice (Ozturk et al., 2009).
This observation was to some extent paradoxical, because disrup-
tion of the circadian clocks and rhythms is considered as a risk factor
for development of cancer (Schernhammer et al., 2003). The mecha-
nism of Cry1, 2-dependent tumor suppression is not known. On the
basis of our data, we propose that reduced IGF-1 signaling upon
Cry1, 2 deficiency contributes to the reduction of tumorigenesis in
p53/Cry1, 2 triple-knockout mice. However, Cry1, 2 deficiency does
not improve survival of mice in the model of chemically induced
hepatocellular carcinoma (Lee et al., 2010). Therefore the effect of
CRYs on tumorigenesis might be tumor type dependent and re-
quires more study.

We observed that in the liver and in skeletal muscle of Cry1, 2—/-
mice, the expression of Igf-1 was reduced on both mRNA and pro-
tein levels, which correlated with the reduced level of the circulating
IGF-1 in the blood of these mice. We cannot exclude increased turn-
over of the circulating IGF-1 due to changes in the production of
IGF-1-binding proteins that regulate IGF-1 bioavailability and half-
life. Here we provide evidence that CRYs are involved in the control
of Igf-1 expression. Figure 7 presents the molecular model of IGF-1
production through a CRY-dependent mechanism.

Phosphorylation of JAK2 was not reduced; therefore CRYs are
acting between JAK2 and STATS5. The level of STAT5 phosphoryla-
tion is controlled by several known negative regulators of JAK sig-
naling. Members of the SOCS family of proteins play major roles in
down-regulation of GH/JAK2 signaling and act through several dif-
ferent mechanisms by blocking interaction between JAK2 and its
targets, suppressing JAK2 kinase activity or regulating the turnover
rate for JAK2 (Flores-Morales et al., 2006). We found that CRYs

FIGURE 7: Model of regulation of Igf-1 expression by CRYs in
response to GH stimulation. Solid lines represent previously reported
activation of STAT5B phosphorylation by JAK2 and suppression of
this phosphorylation by members of the SOC family and/or protein
tyrosine phosphatases (PTPs). CRYs might directly interact with
JAK2-containing complexes and stimulate JAK2 activity toward
STAT5B; CRYs might recruit STAT5B to the JAK2/GHR complex; and
CRYs might also suppress SOC or PTP expression/activity. Thus CRYs
stimulate STAT5B phosphorylation and activation, which in turn drives
Igf-1 expression in the liver and other tissues.
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regulate the expression of CISH on the mRNA and protein levels
and that increased expression of CISH can be a contributing factor
to the observed reduced STAT5B phosphorylation. We also cannot
exclude the other possible mechanisms illustrated in Figure 7. One
possibility is that CRYs directly interact with JAK2, STAT5, or GHR
and either suppress JAK2 kinase activity or prevent formation of the
GHR/JAK2/STATS5 complex, which is necessary for STAT5 phos-
phorylation (Herrington et al., 2000). It is known that CRYs directly
interact with several proteins: PER1 and PER2 (Ye et al., 2014), the
BMAL1/CLOCK complex (Kume et al., 1999), and glucocorticoid
receptor (Lamia et al., 2011). Interaction with CRYs affects the activ-
ity and posttranslational modifications of these proteins. Protein
tyrosine phosphatases such as PTP1B and PTP-1H dephosphorylate
JAK2 targets (Gu et al., 2003). CRYs, known transcriptional suppres-
sors, might control their mRNA expression or regulate their activi-
ties through direct or indirect interaction. Further study will deter-
mine the molecular mechanisms of CRY-dependent regulation.

GH/IGF-1 signaling plays an important role in tissue homeosta-
sis. Too high or too low a level of IGF-1 will affect cell metabolism
and proliferation, compromising tissue-regenerative ability or con-
tributing to cancer progression (Anisimov and Bartke, 2013; Chia,
2014). IGF-1 production is tightly regulated, and understanding
mechanisms of Igf-1 expression under physiological or stress condi-
tions is important to develop strategies for somatotropic axis ma-
nipulations. We reported here that integral components of the circa-
dian clock CRY proteins regulate IGF-1 production through
STAT5-dependent mechanism.

MATERIALS AND METHODS

Experimental animals

Wild-type and Cry1, 2-/— mice were previously described (Vitaterna
et al., 1999). Mice of all genotypes were of C57B6J background.
Mice were maintained on the 12:12 light:dark cycle with lights on at
7:00 am. All groups had unrestricted access to the 18% protein ro-
dent diet (Harlan) and water. All tissue collection experiments were
performed on 5-mo-old mice. For all experiments, at least three ani-
mals of each genotype and gender were used, with at least three
animals per time point. All animal studies were performed with ap-
proval from and within the guidelines of the Institutional Animal
Care and Use Committee of Cleveland State University.

RNA isolation and analysis of mMRNA expression

For gene expression studies, tissues were collected every 4 h
throughout the day and stored at —80°C. Total RNA was isolated
from the liver using TRIzol reagent (Invitrogen, Carlsbad, CA) ac-
cording to the manufacturer’s protocol. RNA quantification was per-
formed using real-time reverse transcription PCR with Universal
SYBR Green Mix (Bio-Rad, Hercules, CA) as described in Khapre
et al. (2014b). Primers used for the analysis of mRNA expression are
listed in Supplemental Table S1.

Analysis of protein expression and phosphorylation

For the analysis of protein expression, tissues were collected every
4 h throughout the day and stored at —80°C. For representative
Western blotting, three liver samples from three different mice were
pooled at each time point. For quantitative data, liver samples were
run individually to estimate variability among biological replicates.
For lysate preparation, frozen liver pieces were lysed in Cell Signal-
ing lysis buffer with Protease/Phosphatase Inhibitor Cocktail (Cell
Signaling Technology, Beverly, MA) using a sonicator. Protein con-
centration was determined with the aid of the Bradford protein as-
say kit according to the manufacturer’s protocol, after which lysates
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were stored at —20°C. Protein (45 pg) was loaded into 3-8% Tris-
acetate and 4-12% Bis-Tris gels (Invitrogen). After SDS-PAGE, pro-
tein was transferred on the polyvinylidene fluoride membrane at
110 mA. Equal loading of proteins was checked by Ponceau stain-
ing. The membranes were probed with the primary antibodies listed
in the Supplemental Materials. Probing the same membranes with
anti-B-actin or anti—glyceraldehyde-3-phosphate dehydrogenase
antibodies was used for normalization of the signal. Images were
obtained with Odyssey FC imaging system (LI-COR, Lincoln, NE),
and quantification was performed with the Odyssey FC imaging sys-
tem, version 3.0, software.

Measurement of the plasma IGF-1 level

Plasma samples were collected every 4 h throughout the day and
stored at —80°C. Plasma IGF-1 levels were determined using a Ray-
Bio Mouse IGF-1 96-well plate enzyme-linked immunosorbent assay
(ELISA) kit according to the manufacturer’s protocol. Plasma sam-
ples were diluted 50-fold with the solution provided by the manu-
facturer. Sandwich ELISA was done using two different antibodies;
the second antibody was conjugated with biotin. For detection, the
manufacturer-provided streptavidin-conjugated horseradish peroxi-
dase and TMB substrate were used for colorimetric reaction, and
optical density was detected at 450 nm. Manufacturer-provided
mouse IGF-1 was used to generate the standard concentration
curve; starting concentration was 2 ng/ml, with serial dilutions. All
experimental samples and standards were run in duplicate on the
same plate; experiments were repeated three times with different
plates. The intraassay coefficient of variation was between 4 and 9%
for different plates; interassay coefficient of variation was 12%. The
detection limit for IGF-1 measurement was 4 pg/ml.

Statistical analysis

For all experiments, we used at least three animals for every time
point for each feeding type and each genotype. Data are shown as
average + SD. IBM SPSS Statistics 20 and GraphPad Prism Version
5.04 software packages were used for statistical analysis. To assay
the effects of genotypes and the time of the day, the analysis was
performed using two-way or one-way analysis of variance, followed
by pairwise comparison of genotypes over time. p < 0.05 was con-
sidered as a statistically significant difference.
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