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SUMMARY

For many years, a connection between circadian clocks and cancer has been postulated. Here, we 

describe an unexpected function for the circadian repressor CRY2 as a component of an FBXL3-

containing E3 ligase that recruits T58-phosphorylated c-MYC for ubiquitylation. c-MYC is a 

critical regulator of cell proliferation; T58 is central in a phosphodegron long recognized as a 

hotspot for mutation in cancer. This site is also targeted by FBXW7, though the full machinery 

responsible for its turnover has remained obscure. CRY1 cannot substitute for CRY2 in promoting 

c-MYC degradation; their unique functions may explain prior conflicting reports that have fueled 

uncertainty about the relationship between clocks and cancer. Thus, we demonstrate that c-MYC is 

a target of CRY2-dependent protein turnover, suggesting a molecular mechanism for circadian 

control of cell growth and a new paradigm for circadian protein degradation.

eTOC blurb

Circadian disruption increases the risk of many types of cancer. Huber et al. demonstrate that the 

circadian clock protein CRY2 recruits T58-phosphorylated c-MYC to SCFFBXL3, thus promoting 

its ubiquitination and degradation. This unexpected function of CRY2 may contribute to circadian 

protection from tumorigenesis.
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INTRODUCTION

Mice harboring genetically disrupted clock function (Fu et al., 2002; Geyfman et al., 2012; 

Janich et al., 2011; Lee et al., 2010; Ozturk et al., 2009) or subjected to experimental jet lag 

(Papagiannakopoulos et al., 2016; Van Dycke et al., 2015) exhibit altered rates of tumor 

formation. Analysis of epidemiological studies spurred the World Health Organization to 

designate circadian disruption as a probable carcinogen (Straif et al., 2007). While several 

molecular connections have been suggested (Gaddameedhi et al., 2011; Gotoh et al., 2015; 

Gotoh et al., 2014; Papp et al., 2015; Unsal-Kacmaz et al., 2007; Unsal-Kacmaz et al., 

2005), the relationship between clocks and cancer is not well understood and remains 

controversial (West and Bechtold, 2015). Mammalian clocks involve a transcriptional 

feedback loop (Partch et al., 2014): CLOCK and BMAL1 drive expression of period 

(PER1-3) and cryptochrome (CRY1,2) repressors, which inhibit CLOCK:BMAL1, resulting 

in oscillating transcription of thousands of genes (Panda et al., 2002; Storch et al., 2002). 

Ubiquitylation of CRY1/2 by SCFFBXL3 is important for setting clock speed (Busino et al., 

2007; Godinho et al., 2007; Siepka et al., 2007).

c-MYC plays a critical role in cell proliferation, and its levels are tightly controlled by 

regulated protein degradation (Farrell and Sears, 2014). When c-MYC is phosphorylated on 

T58, it is targeted by SCFFBXW7 for ubiquitylation and proteasomal degradation (Popov et 

al., 2007; Welcker et al., 2004; Yada et al., 2004). However, FBXW7 preferentially interacts 

with doubly phosphorylated substrates (Hao et al., 2007; Welcker and Clurman, 2008) and in 

some contexts, mutation of T58 to a non-phosphorylatable residue stabilizes c-MYC more 

than ablation of SCFFBXW7 does (Chakraborty and Tansey, 2009; Popov et al., 2007; 

Salghetti et al., 1999). It has therefore been suggested that one or more additional E3 

ligase(s) also stimulate(s) the proteolysis of c-MYC phosphorylated on T58 (Thomas and 

Tansey, 2011). Understanding the mechanisms leading to destruction of T58-phosphorylated 

c-MYC is important since the sequence surrounding c-MYC T58 has long been recognized 
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as a hotspot of mutations in human cancer (Bhatia et al., 1993; Bhatia et al., 1994). 

Moreover, disrupted turnover of singly T58-phosphorylated MYC is associated with MYC 

stabilization and tumorigenesis (Malempati et al., 2006). Here, we demonstrate that CRY2 

and SCFFBXL3 drive proteolytic turnover of T58-phosphorylated c-MYC via binding of 

phospho-T58 to CRY2 near its binding interface with FBXL3. These findings suggest that 

CRY2-driven cycles of c-MYC turnover represent a previously unappreciated mode of clock 

output that impacts cancer susceptibility due to circadian disruption.

RESULTS

Loss of Cry2 enhances proliferation and transformation

To examine the roles of CRY1 and CRY2 in growth control, we performed proliferation and 

transformation assays using five independently isolated sets of primary mouse fibroblasts 

derived from wildtype, Cry1−/−, and Cry2−/− littermates. We infected three independently 

derived primary mouse embryonic fibroblast (MEF) cell lines and two fibroblast cell lines 

derived from adult skin biopsies of each genotype with viruses expressing the oncogenes c-
MYC or HRASV12, or shRNA targeting the tumor suppressor P53. To avoid selection of 

clonal lines that may not accurately reflect the effects of Cry1/2 deletion, we characterized 

heterogeneous pools of virally transduced cells subjected to antibiotic selection for less than 

two weeks. In all contexts, Cry2 deficiency enhanced proliferation and colony formation 

(Figures 1A–G), indicating surprisingly widespread cooperative effects with multiple 

oncogenic changes. Similarly, wildtype fibroblasts stably expressing shRNA targeting Cry2 
were more highly proliferative than those expressing control sequences or shRNA targeting 

Cry1 (Figure 1B). Mostly, loss of Cry1 had little or no effect on proliferation or 

transformation; however, in the context of P53 depletion, cells lacking Cry1 were less 

sensitive to transformation (Figures 1D and 1G). This is consistent with the increased 

survival of Cry1/2-deficient mice in a P53−/− background (Ozturk et al., 2009) and suggests 

that CRY1- and CRY2-specific functions may explain the different effects on tumor 

formation in previous studies of tumorigenesis in Cry1−/−;Cry2−/− mice (Fu and Kettner, 

2013; Lee et al., 2010). Loss of Cry2 was not sufficient to transform primary cells and 

Cry2−/− cells did not robustly form colonies in soft agar with a single oncogenic insult (P53 
depletion or expression of either HRASV12 or c-MYC; not shown), indicating that CRY2 is 

not a tumor suppressor per se.

Loss of Cry2 stabilizes c-MYC

Enhanced proliferation and colony formation of Cry2−/− cells expressing either c-MYC or 

shRNA targeting P53 suggests that the loss of CRY2 impacts multiple pathways that control 

cell growth. For example, cooperation with c-MYC indicates a defect in P53 function, while 

cooperation with P53 depletion could be explained by enhanced MYC activity. In assessing 

the efficiency of viral oncogene expression, we found that while overexpressed human c-

MYC mRNA is somewhat (~2.2-fold) elevated in both Cry1−/− and Cry2−/− cells compared 

to wildtype controls, c-MYC protein abundance is highly increased specifically in Cry2−/− 

cells (Figure 1H), suggesting that the loss of Cry2 alters c-MYC post-transcriptional 

regulation. Upon further examination, we found that overexpression of human c-MYC 

repressed the endogenous c-Myc transcript in wildtype and Cry2−/− fibroblasts as expected 
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(Figure S1A). Strikingly, overexpressed human c-MYC and especially endogenous mouse c-

MYC protein levels are elevated in Cry2−/− cells compared to controls (Figure 1I). Since 

elevated c-MYC protein could contribute to the enhanced colony formation observed in 

Cry2−/− cells upon depletion of P53 or overexpression of mutant RAS, we measured 

endogenous c-MYC protein in those cells as well as in cells expressing shRNA targeting 

P19Arf (an upstream regulator of P53). In every case, c-MYC is increased in Cry2−/− cells 

compared to controls (Figures 1J and 1K). High levels of c-MYC induce apoptosis via P53, 

so defective P53 signaling can enable MYC protein accumulation. Increased c-MYC in 

Cry2−/− cells expressing shRNA targeting P53 or P19Arf cannot be attributed to such a 

defect. Taken together, these data indicate that CRY2 regulates c-MYC protein levels.

In primary MEFs following the induction of synchronized circadian rhythms by 

dexamethasone (Balsalobre et al., 2000), endogenous c-Myc mRNA is rhythmically 

expressed, consistent with an earlier report (Fu et al., 2002), and its peak is ~1.7-fold higher 

in Cry2−/− cells (Figure 1L). Strikingly, c-MYC protein exhibits a high amplitude circadian 

rhythm, and peak c-MYC protein is much higher in Cry2−/− compared to wildtype cells 

(Figures 1M, 1N, S1B). Thus, c-MYC protein levels are elevated in Cry2-deficient cells 

regardless of the endogenous or viral promoter elements controlling its transcription, 

strongly suggesting that CRY2 modulates post-transcriptional regulation of c-MYC. 

Metabolic tracer analysis of primary MEFs revealed changes consistent with enhanced MYC 

and increased proliferative and transformative capacity in Cry2−/− primary MEFs (Figures 

S1C–G). Elevated levels of endogenous c-MYC protein in Cry2−/− cells could explain the 

observed cooperativity between CRY2 loss and HRASV12 expression or P53 depletion; other 

changes in Cry2−/− cells probably contribute to the increase in transformation by c-MYC in 

Cry2−/− cells compared to wildtype controls. Here, we focus on understanding how CRY2 

regulates c-MYC protein levels.

Post-transcriptionally enhanced c-MYC protein levels could reflect increased production 

and/or decreased decay. The incorporation of 35S-methionine into c-MYC was slightly 

elevated in Cry2−/− cells compared to controls, similar to the ~2-fold change in c-Myc 
mRNA, suggesting that translation of c-Myc is not specifically increased in the absence of 

CRY2 (Figure S2A). To determine whether c-MYC protein half-life is increased in Cry2−/− 

cells, we examined c-MYC protein turnover after addition of the translation inhibitor 

cycloheximide (CHX) in wildtype and Cry2−/− embryonic and adult fibroblasts (Figures 

2A–C, S2B, and S2C). Consistent with previous studies, c-MYC has a very short half-life in 

wildtype cells as evidenced by the rapid turnover within 15–20 minutes. In Cry2−/− cells, c-

MYC is stabilized in the presence of CHX. Notably, re-introducing CRY2 in these cells 

decreased the half-life of endogenous c-MYC (Figures 2B, 2C, S2B, and S2C). Thus, CRY2 

regulates the half-life of endogenous c-MYC.

Because CRY2 can repress transcription and targets many unique sites in chromatin 

independent of other circadian factors (Koike et al., 2012), we hypothesized that it could 

alter c-MYC stability via transcription of one or more effectors. However, quantitative PCR 

showed no alterations of transcripts encoding regulators of c-MYC degradation that would 

explain the observed stabilization of c-MYC (Figure 2D). Deep sequencing of RNA isolated 

from wildtype and Cry2−/− primary MEFs over a full circadian cycle revealed 865 
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transcripts that were altered by the loss of CRY2 (FDR <0.01; Supplemental Table S1), but 

no obvious explanation for c-MYC stabilization. Notably, core circadian transcripts oscillate 

in Cry2−/− cells (Figure 2E), because CRY1 can support circadian rhythms in the absence of 

CRY2 (Ukai-Tadenuma et al., 2011). Although prolonged elevation of c-MYC can lead to 

general amplification of transcription (Lin et al., 2012; Nie et al., 2012), transcripts that are 

likely to be directly regulated by c-MYC (Sabo et al., 2014; Walz et al., 2014) are 

overrepresented among those that are significantly altered by deletion of Cry2 (~14% of 

MYC targets identified in (Sabo et al., 2014) vs ~4% of the genome are altered by Cry2 
deletion; Figures S2D and S2E). Furthermore, Gene Set Enrichment Analysis (Subramanian 

et al., 2007) detected significantly enriched expression of a Hallmark set of c-MYC target 

genes (Liberzon et al., 2015) in Cry2−/− cells (Figures 2F, S2F, Supplemental Table S2), 

suggesting that the highly elevated c-MYC protein observed in Cry2−/− cells is 

transcriptionally active.

CRY2 and FBXL3 cooperatively bind c-MYC

Since transcriptional changes did not appear to explain the greatly increased c-MYC 

stability in Cry2−/− cells, we investigated other ways that CRY2 could affect c-MYC. 

Expression of CRY2 did not prevent interaction of c-MYC with MAX, FBXW7 or βTRCP 

(Figures S3A–C). Surprisingly, overexpressed c-MYC co-purifies with overexpressed CRY2 

(Figure 3A) and this interaction requires the N-terminal regulatory domain of c-MYC 

(Figures 3B, 3C). Since CRY2 associates with the SCF E3 ligase substrate receptor FBXL3, 

we considered the possibility that SCFFBXL3 acts on c-MYC. Although previous studies 

have not identified c-MYC in FBXL3-containing protein complexes (Busino et al., 2007), 

mass spectrometry often produces false negative results, especially for F-box proteins, which 

stimulate the degradation of their substrate partners (Yumimoto et al., 2012). Proteins of 

very low abundance like c-MYC are most likely to be missed. Indeed, we found that FBXL3 

can interact with c-MYC (Figure 3D), and CRY2 enhances the FBXL3-MYC interaction 

(Figure 3E). We also observed interactions between CRY2, FBXL3, and c-MYC when all 

three were produced by in vitro transcription and translation (Figure S3D), suggesting that 

they interact directly.

Aligning SKP1 in the crystal structures of SKP1-CRY2-FBXL3 (Xing et al., 2013), SKP1-

SKP2-CUL1-RBX1 (Zheng et al., 2002), SKP1-FBXW7-CYCLIN E (Hao et al., 2007), and 

SKP1-SKP2-CKS1-p27KIP1(Hao et al., 2005) reveals that the orientation of CRY2 relative 

to FBXL3 overlaps with that of the adaptor CKS1 relative to SKP2/FBXL1 and leaves a 

large open space between CRY2, FBXL3, and the RBX1 active site, including the position 

occupied by the CYCLIN E and p27KIP1 degron peptides (Figures 3F and S3E). These 

findings led us to hypothesize that in addition to being a substrate for SCFFBXL3, CRY2 

could act as a co-factor to recruit additional substrates, including c-MYC, to SCFFBXL3. 

Thus, the observed stabilization of c-MYC in the absence of CRY2 may reflect a loss of 

SCFFBXL3-mediated ubiquitylation of c-MYC. Importantly, c-MYC protein was greatly 

increased in fibroblasts expressing either of two shRNAs targeting Fbxl3 (Figures 3G and 

S3F), similar to what we observed in Cry2-deficient cells and consistent with a role for a 

CRY2-FBXL3 heterodimer in ubiquitylation of c-MYC.
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Our model leads to a prediction that mutations in CRY2 or FBXL3 that reduce their 

interaction with each other would reduce their interaction with c-MYC. Several point 

mutations in CRY2 that disrupt its association with FBXL3 without altering interactions 

with CLOCK, BMAL1 or PER2 have been described (Xing et al., 2013). The interaction of 

those mutants with c-MYC is abolished (Figure 3H). In addition, mutation of the FBXL3 C-

terminal tryptophan, which decreases its interaction with CRY2 (Xing et al., 2013), also 

reduces the interactions of CRY2 and FBXL3 with c-MYC (Figure 3I). To further examine 

the ability of CRY2, FBXL3, and c-MYC to form a trimeric complex, we serially 

immunoprecipitated overexpressed CRY2 and FBXL3 and observed progressive enrichment 

of c-MYC (Figures 3J and S3G).

CRY2-FBXL3 promotes c-MYC ubiquitylation

We measured ubiquitylation of overexpressed c-MYC in the presence or absence of 

overexpressed CRY2 and FBXL3 and found that CRY2 and FBXL3 together stimulate c-

MYC ubiquitylation (Figures 4A, S4A and S4B). Deletion of the F-box (ΔF) in FBXL3 

prevents its association with SKP1 and CUL1 and thus prevents formation of the active 

SCFFBXL3 complex. Consistent with the observed loss of CUL1 binding, though FBXL3ΔF 

interacts with CRY2 and c-MYC, it did not promote c-MYC ubiquitylation. Mutation of the 

FBXL3 C-terminal tryptophan, which inhibits FBXL3-CRY2 interaction, reduced the 

recruitment of c-MYC to FBXL3 and blocked its ubiquitylation (Figures S4A and S4B). As 

reported by others (Yumimoto et al., 2013), we found that CRY2 promotes the association of 

FBXL3 with CUL1 (Figures S4B, S4C), further supporting the importance of CRY2 as a 

scaffold for formation of a fully active SCFFBXL3 complex to promote ubiquitylation and 

turnover of c-MYC.

We examined the contributions of CRY2 and FBXL3 to c-MYC protein turnover in cells 

overexpressing c-MYC and either FBXW7 or FBXL3 and CRY2. The steady state level of 

overexpressed c-MYC was decreased by overexpression of CRY2 and FBXL3 to a similar 

extent as overexpression of the established c-MYC SCF substrate adaptor FBXW7 (Figures 

4B and S4D). The half-life of overexpressed c-MYC is much longer than that of the 

endogenous protein likely due to saturation of endogenous systems involved in c-MYC 

degradation. Using either cycloheximide treatment or 35S-Methionine labeling to measure c-

MYC protein turnover, we observed a similar increase in c-MYC turnover with expression 

of either FBXW7 or FBXL3 and CRY2 (Figures 4C–F). The effects of FBXL3 and CRY2 

on MYC half-life are reduced by mutations (FBXL3W428A or CRY2F428D) that disrupt 

the CRY2-FBXL3 interaction (Figures 4G and 4H), further supporting our hypothesis that 

the CRY2-FBXL3 heterodimer promotes c-MYC ubiquitylation.

To examine the effects of CRY2 and SCFFBXL3 on the half-life of endogenous c-MYC, we 

used shRNA knockdown of Fbxl3 and of Fbxw7 in primary embryonic and adult fibroblasts. 

Decreasing FBXW7 stabilizes c-MYC in both wildtype and Cry2−/− cells, while depleting 

FBXL3 stabilizes c-MYC in wildtype but not in Cry2−/− cells (Figures 4I–L and S4E–F), 

demonstrating that CRY2 is required for FBXL3- but not FBXW7-dependent effects on c-

MYC stability. Finally, we examined the effect of Fbxl3 disruption in the context of 

complete genetic deletion of Fbxw7 using Cre-mediated recombination in primary 
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fibroblasts. Depletion of Fbxl3 increased c-MYC protein stability regardless of the presence 

or absence of Fbxw7 (Figures S4G–I), demonstrating that these two F-box SCF substrate 

adaptors represent independent pathways for destabilizing c-MYC.

CRY2-FBXL3 binds c-MYC phospho-T58

Phosphorylation of T58 is a primary determinant of c-MYC stability (Gregory et al., 2003; 

Malempati et al., 2006; Salghetti et al., 1999; Yada et al., 2004). A recent structure of CRY2 

bound to a small molecule revealed a conserved, ordered phosphate-binding loop (P-loop) 

on the surface of CRY2 (Nangle et al., 2013), which has also been observed in a conserved 

region of photolyases (Hitomi et al., 2009), though no phosphorylated partners have been 

identified. Aligning this structure with our model, we found that this P-loop would be 

located near the CRY2-FBXL3 interface (Figure 5A), suggesting that c-MYC interaction 

with CRY2-FBXL3 could be regulated by phosphorylation. Since phosphorylation of T58 is 

a well-established driver of c-MYC proteolysis and because phosphorylation of T58 occurs 

only after phosphorylation of S62, we examined whether either modification alters the 

interaction of c-MYC with CRY2-FBXL3. Mutation of T58 and/or S62 to a 

nonphosphorylatable amino acid greatly reduced the interaction between CRY2 and c-MYC 

(Figures 5B and S5A) but had little effect on the interaction between c-MYC and FBXL3 

when CRY2 was not overexpressed (Figure 5C).

To investigate whether phosphorylated T58 interacts directly with CRY2-FBXL3, we used 

biotinylated synthetic peptides derived from the sequence of c-MYC surrounding either 

phosphorylated (P) or non-phosphorylated (NP) threonine at the position corresponding to 

T58, or a doubly phosphorylated peptide (DP) corresponding to c-MYC phosphorylated on 

both T58 and S62. While FBXL3 interacts weakly with all three peptides (Figure 5D, 

middle IPs), CRY2 interacts preferentially with the peptide containing phospho-T58 (Figure 

5D, left IPs). When purified CRY2 and FBXL3 are combined, the resulting heterodimer 

exhibits strongly phospho-specific binding to the c-MYC derived peptide phosphorylated 

only on the residue corresponding to T58 (Figure 5D, right IPs). Mutation of the reported 

CRY2 P-loop decreases binding to the T58-phosphorylated c-MYC peptide in vitro and to 

overexpressed c-MYC in cells (Figures 5E, S5B–D), suggesting that this phospho-specific 

interaction involves direct binding between phosphorylated T58 and the P-loop on the 

surface of CRY2.

We also examined the role of the CRY2 P-loop and c-MYC T58 phosphorylation in CRY2 

and FBXL3 driven effects on c-MYC protein turnover. While overexpression of CRY2 and 

FBXL3 or of FBXW7 decreases the stability of wildtype c-MYC (Figures 4C–F), the same 

manipulations do not significantly increase turnover of c-MYCT58A (Figures 5F–I and 

S5E). Mutation of the CRY2 P-loop also decreases the impact of CRY2 and FBXL3 on c-

MYC turnover (Figure 5J), supporting the idea that phosphorylation of T58 enhances the 

interaction of c-MYC with CRY2 and FBXL3 by binding the CRY2 P-loop. Lending further 

support to the model that CRY2 and FBXL3 drive degradation of T58-phosphorylated c-

MYC, c-MYCT58A is much less efficiently ubiquitylated than wildtype c-MYC when 

FBXL3 and CRY2 are overexpressed (Figure S5F).
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A role for CRY2-FBXL3-MYC in tumors

To investigate whether this model may have relevance for human cancer, in which c-MYC is 

a well-established major driver, we examined the relationship between CRY2 and c-MYC in 

human tumor-derived cells. By ranking 1,059 cell lines in the Cancer Cell Line 

Encyclopedia (CCLE) by CRY2 mRNA expression (Supplemental Table S3), we selected 

several among those with the lowest CRY2 for further examination. Exogenous expression 

of wildtype CRY2 reduced c-MYC protein, proliferation, and anchorage-independent 

growth in SW480 colon cancer and A549 lung cancer cells (Figures 6A–D), suggesting that 

CRY2 may be rate-limiting for c-MYC degradation in tumors harboring low CRY2 
expression. Importantly, a CRY2 mutant incapable of binding FBXL3 did not significantly 

reduce c-MYC protein in these cells (Figures 6A and 6B). Furthermore, we observed a 

striking and significant correlation of reduced CRY2 expression in tumor samples compared 

to normal controls for a wide variety of human tissue types (Figure 6E), while no such 

consistent pattern of altered expression was observed for CRY1 (Figure 6F). In bone and 

lung tumors, FBXL3 is lower than in controls (Figure 6G).

To experimentally test the potential for CRY2 to alter c-MYC in vivo, we bred Cry2−/− mice 

with mice expressing elevated c-MYC in lymphoid cells (Adams et al., 1985), which 

develop lymphomas after 8 weeks of age. Pre-tumor spleen samples taken from 6-week-old 

EμMycTg/+;Cry2−/− mice contain higher levels of c-MYC protein than those from 

EμMycTg/+;Cry2+/+ littermates (Figures 7A and 7B), while c-Myc mRNA is unchanged 

(Figure 7C), supporting the hypothesis that deletion of CRY2 enhances c-MYC via a post-

transcriptional mechanism in vivo. At the same 6-week-old pre-tumoral stage, we detected 

small numbers of lymphocytes in Giemsa-stained blood smears from EμMycTg/+;Cry2−/− 

mice while blood smears from control littermates did not contain detectable circulating 

lymphocytes (Figure S6A).

All 10-week-old EμMyc mice lacking CRY2 had grossly visible tumors in the mesenteric 

lymph nodes while EμMycTg/+;Cry2+/+ littermates were mostly tumor-free (Figure 7D), 

suggesting accelerated lymphoma development in the absence of CRY2. Eventually, 

EμMycTg/+;Cry2−/− mice succumbed earlier and with an overall greater tumor burden than 

EμMycTg/+;Cry2+/+ littermates (Figures 7D, 7E, 7F, and S6B). We did not detect 

spontaneous tumors in either wildtype or Cry2−/− mice without the EμMyc transgene. Taken 

together, our findings indicate that CRY2 protects cells from transformation via pleiotropic 

effects, including destabilizing c-MYC via SCFFBXL3 and also via MYC-independent 

pathways to enable enhanced MYC-driven transformation in cells and in vivo (Figures 7G 

and 7H).

DISCUSSION

Here we report that the circadian clock component CRY2 cooperates with the E3 substrate 

receptor FBXL3 to degrade target proteins in a phospho-specific manner, revealing a 

mechanism for mammalian circadian output via CRY-driven cycles of proteasomal 

degradation. Our findings suggest that CRY2 and FBXL3 contribute to limiting tumor 

formation by promoting the turnover of c-MYC. While CRY has never before been proposed 

to act as a physical component of an E3 ligase, Drosophila melanogaster dCRY is 
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genetically required for light-induced degradation of dTIM via the E3 ligase JETLAG (Koh 

et al., 2006), suggesting that some aspects of the function that we describe here may be 

conserved in other systems. In addition, a recent study found that mammalian CRY1 can 

stimulate MDM2-driven ubiquitylation and degradation of FOXO1 (Jang et al., 2016), which 

may involve a related mechanism, though MDM2 is not part of an SCF complex. We 

anticipate that our findings will provide the basis for future identification of additional 

substrates recruited to SCFFBXL3 and/or the related CRY-binding E3 ligase SCFFBXL21 

(Hirano et al., 2013; Yoo et al., 2013) by CRY1 and/or CRY2.

Here, we describe the first demonstrated target of mammalian CRY2-dependent protein 

turnover: the oncoprotein c-MYC. Because the sequence surrounding c-MYC T58, which 

binds to CRY2, is conserved in N-MYC, L-MYC and the c-MYC cleavage product MYC-

NICK (Conacci-Sorrell et al., 2010), these may also be targeted by CRY2-SCFFBXL3, 

though they were not examined in this study. Since ubiquitylation and proteasome activity 

have been shown to regulate CLOCK and BMAL1 activation of target genes (Luo et al.; 

Stratmann et al., 2012; Tamayo et al., 2015), the novel function of CRY proteins described 

here may play a role in circadian clock function. Intriguingly, c-MYC can interfere with 

CLOCK and BMAL1-dependent transactivation (Altman et al., 2015), so CRY2-driven 

MYC destabilization could reinforce circadian clock amplitude.

We recently demonstrated that CRY1 and CRY2 have divergent roles in modulating 

transcription in response to DNA damage (Papp et al., 2015). Reduced degradation of c-

MYC in response to DNA damage could contribute to the loss of p21 induction in Cry2−/− 

cells. The unique functions of CRY1 and CRY2 in this pathway may explain why 

Cry1−/−;Cry2−/− mice are protected from tumor development in the context of P53 deletion 

(Ozturk et al., 2009), yet are more susceptible to radiation-induced tumor formation (Lee et 

al., 2010), while loss of CRY2 alone enhances susceptibility to transformation in our study. 

Disruption of circadian rhythms likely contributes to enhanced cancer susceptibility via 

multiple mechanisms (Kang et al., 2010; Kemp et al., 2010; Lee et al., 2013; Lee and 

Sancar, 2011a, b; Masri et al., 2013; Masri et al., 2015; Unsal-Kacmaz et al., 2007; Unsal-

Kacmaz et al., 2005) – indeed, the cooperation between CRY2 deficiency and multiple 

oncogenes in proliferation and transformation assays (Figures 1A–G) suggests that CRY2 

itself may have additional roles in suppressing these effects. The observed cooperativity 

between CRY2 loss and c-MYC overexpression indicates that Cry2−/− cells harbor a defect 

in P19ARF and/or P53 function (Sherr, 2006, 2012). PER2 has been implicated in 

stabilizing P53 by opposing its MDM2-mediated ubiquitylation (Gotoh et al., 2015; Gotoh 

et al., 2014) and has been suggested to function as a tumor suppressor in some contexts 

(Chen-Goodspeed and Lee, 2007; Lee, 2006; Papagiannakopoulos et al., 2016). CRY2 

deficiency could influence P19ARF/P53 by altering PER2 expression, localization or 

stability. Further studies will be required to understand how the loss of CRY2 impacts P53 

and how PER2 and CRY2 independently and/or synergistically modulate tumor formation.

Repeated transient inactivation of c-MYC has been shown to suppress even established 

tumors while allowing normal tissue proliferative functions to proceed (Soucek et al., 2008; 

Soucek et al., 2013); perhaps CRY2-driven circadian proteolysis of c-MYC provides 

analogous daily cycles of c-MYC action and degradation in a physiological context. While 
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c-MYC protein remains rhythmic in Cry2−/− cells (Figures 1M and S1B), perhaps due to 

rhythmic mRNA expression, its elevated expression overall prevents this prolonged daily 

absence of c-MYC protein. Increased cancer susceptibility in shift workers and in animals 

subjected to circadian disruption may be due in part to elevated c-MYC driven by loss of 

CRY2 and FBXL3-coordinated regulation, since circadian disruption would alter the 

dynamics of CRY2 expression. Notably, Cry2-deficient mice and cells maintain robust 

circadian rhythms (Khan et al., 2012; Thresher et al., 1998) while clearly exhibiting 

enhanced susceptibility to transformation, indicating that neither behavioral nor 

transcriptional rhythms must be globally disrupted for increased cancer susceptibility in the 

context of circadian disruption.

EXPERIMENTAL PROCEDURES

Cell Culture

HEK293T (293T), A549 and SW480 cells were purchased from the American Type Culture 

Collection (ATCC). Three different series of MEFs were isolated from E15.5 embryos. Two 

different series of adult skin fibroblasts were prepared from ear biopsies of adult mice of the 

indicated genotypes. All MEFs and adult ear fibroblasts (AEFs) were used as primary 

(passaged no more than 10 times and grown in 3% oxygen) or spontaneously immortalized. 

More detailed descriptions of all procedures are available in Supplemental Experimental 

Procedures.

Generation of Stable Cell Lines

Lentiviral shRNAs were produced by transient transfection in 293T cells. Beginning 48 

hours after viral transduction, infected cells were cultured in selection media for 2 days to 2 

weeks.

Proliferation and Transformation Assays

For proliferation analysis, cells were seeded in 6-well plates at 5,000 cells/well and counted 

every 2 days for 6 to 10 days. For colony formation, 1,000 cells were plated in 10cm plates 

and grown for 2 to 3 weeks prior to staining. For anchorage independent growth, MEFs 

infected with virus expressing c-MYC/shP53 were selected for 2 to 3 days and suspended in 

complete medium containing 0.4% low melting agarose and plated in 6-well plates at a 

density of 20,000 cells per well, onto solidified 0.8% agarose. Cells were grown for 2 to 3 

weeks prior to staining with MTT.

Immunoprecipitation and Western Blotting were performed using standard protocols.

Pulse-Chase Labeling Experiment

Lysates from transfected 293T cells were incubated with Pulse medium containing 35S-

Methionine. The labeling was stopped by replacing the Pulse medium with regular 293T cell 

culture medium and cells were collected at the indicated time points.

Huber et al. Page 10

Mol Cell. Author manuscript; available in PMC 2017 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Peptide Binding Assay

Flag-Fbxl3 and Flag-Cry2 were separately immunoprecipitated from transfected 293T cells 

and eluted with 3XFLAG peptide. After quantification, equal amounts of Flag-Fbxl3 and/or 

wildtype or mutant Flag-Cry2 were combined with biotinylated synthetic peptides as 

indicated and incubated at 30°C for 30 minutes while shaking. Streptavidin beads were 

added, incubated overnight at 4°C, and washed 3 times.

Sequential IP

Lysates from transfected 293T cells were incubated with anti-Flag M2 agarose beads 

overnight at 4°C, washed 3 times, and incubated in 3X FLAG peptide. The elution was 

collected and subsequently incubated with anti-HA agarose beads for 2 hours at 4°C. The 

anti-HA beads were washed 3 times and boiled with sample buffer.

Quantitative RT-PCR

RNA was extracted from MEFs using standard protocols. cDNA was prepared using QScript 

cDNA Supermix and analyzed for gene expression using quantitative real-time PCR with iQ 

SYBR Green Supermix. Primer sequences are available in Supplemental Experimental 

Procedures.

Isotope Labeling

Following dexamethasone-induced synchronization, cells were cultured in glucose free 

DMEM (Sigma) containing 15% FBS and 25 mM [U-13C6] glucose for 10 hours. Polar 

metabolites and total fatty acids were extracted, derivatized and analyzed as previously 

described (Metallo et al., 2012; Vacanti et al., 2014).

RNA Sequencing

100bp reads were generated by the HISeq Analyzer 2000. The Genome Analyzer Pipeline 

Software was used to perform the early data analysis. For mRNA-Seq, TopHat v2.0.13 with 

Bowtie2 was used to align to mm10 genome.

Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) is a computational method (Subramanian et al., 

2007) that determines whether an a priori defined set of genes shows statistically significant, 

concordant differences between two biological states (e.g. phenotypes). RNA sequencing 

output for wildtype and Cry2−/− cells were used as input for GSEA comparing the two 

genotypes (WT vs. Cry2−/− regardless of circadian time).

Structure Modeling

Molecular graphics and analyses were performed with the UCSF Chimera package 

(Pettersen et al., 2004). Chimera is developed by the Resource for Biocomputing, 

Visualization, and Informatics at the University of California, San Francisco (supported by 

NIGMS P41-GM103311).

Huber et al. Page 11

Mol Cell. Author manuscript; available in PMC 2017 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tissue Expression Profile

To investigate the expression profile of CRY2 in human normal and cancer samples, publicly 

available microarray data were compiled, normalized and re-analyzed by Novartis 

bioinformatics group. Original data were extracted from GEO database, CCLE database and 

TCGA database.

Mice

Cry2−/− mice were shared by Dr. Aziz Sancar (Thresher et al., 1998); EμMyc+/− mice 

(Adams et al., 1985) were purchased from Jackson laboratories. Cry2+/− females were mated 

to EμMyc+/− males to generate EμMyc+/−;Cry2+/− mice. EμMyc+/−;Cry2+/− males were 

mated to Cry2+/− females to generate EμMyc+/−;Cry2+/+ and EμMyc+/−;Cry2−/− mice used 

for analysis. Mice showing any signs of systemic illness were sacrificed and necropsied. All 

animal care and treatments were in accordance with The Scripps Research Institute 

guidelines for the care and use of animals.

Nuclear Extract from Tissue

Nuclear extracts from spleen were prepared using NUN procedure as described (Lavery and 

Schibler, 1993).

Data Analysis and Statistics

All experiments were repeated at least three times and results are presented either as one 

representative experiment or as an average ± s.d. Statistical analyses were done using two-

tailed student’s t-test or with two-way ANOVA. Time-dependent survival in mouse 

experiments was represented with Kaplan-Meir methods and significance was evaluated 

with the log-rank test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Loss of CRY2 stabilizes c-MYC and enhances cellular transformation.

2. CRY2 can function as a co-factor for the SCF substrate adaptor 

FBXL3.

3. c-MYC phosphorylated on threonine 58 (T58) interacts with CRY2.

4. SCFFBXL3+CRY2 promotes the ubiquitylation and turnover of c-MYC.
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Figure 1. CRY2 deletion enhances cell growth and transformation. See also Figure S1
Proliferation (A–F) and colony formation in 2-dimensional culture (G) in primary MEFs of 

indicated genotypes subjected to 3T3 protocol (Spont. Imm.) or stably expressing the 

indicated plasmids. (H) mRNA (left) and protein (right) measured by immunoblot (IB) or 

quantitative PCR (qPCR) from MEFs of the indicated genotypes stably overexpressing c-

MYC. (I–K) Proteins measured by IB from adult skin fibroblasts (I–J) or MEFs (K) of the 

indicated genotypes stably expressing the indicated plasmids. (L–N) Endogenous mRNA (L) 

and proteins (M) detected by qPCR or IB in MEFs of the indicated genotypes and harvested 

at the indicated times (CT: hours after circadian synchronization). (N) Quantitation of the IB 

data shown in (M). In (A–G), data represent the mean ± s.d. for triplicate samples (A–F) or a 

typical result (G) from a representative experiment of at least 3 experiments of each type 

performed in 3 sets of MEFs derived from littermate animals. Similar results were obtained 

using 2 sets of adult skin fibroblasts derived from littermate animals.
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Figure 2. CRY2 deletion increases c-MYC stability. See also Figure S2, Table S1 and Table S2
(A–C) Endogenous proteins detected by IB in MEFs of the indicated genotypes expressing 

the indicated plasmids and harvested at the indicated times (CHX: minutes after 

cycloheximide). (B) Samples from time 0 for all cell lines shown in (A) loaded together. 

(D,E) Transcripts measured by qPCR in primary MEFs of the indicated genotypes at the 

indicated times after synchronization of circadian rhythms with dexamethasone treatment. 

Data represent the mean ± s.d. for three biological replicates each measured in triplicate. (F) 

Heat-map from RNA sequencing in primary MEFs at the indicated times after circadian 

synchronization. Colors represent high (red) to low (blue) expression. Gene names and 

expression values are provided in Supplemental Table S2.
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Figure 3. c-MYC forms a trimeric complex with CRY2 and FBXL3. See also Figure S3
(A,B,D,E,H–J) Proteins detected by IB following FLAG, HA, or V5 IP from nuclear and 

cytoplasmic fractions or whole cell lysates from 293T cells expressing the indicated 

plasmids. (C) Schematic representation of the wildtype and amino- or carboxy-terminal 

deletion mutants of c-MYC used in experiments shown in Figures 3B and 3C. (F) 

Superposition of crystal structures from Protein Data Bank accession numbers 1LDK 

(SKP1-SKP2-CUL1-RBX1), 2OVR (SKP1-FBW7-CYCEDEGN), 2AST (SKP1-SKP2-

CKS1-p27KIP1), and 4I6J (SKP1-FBXL3-CRY2). (G) Proteins detected by IB in whole cell 

lysates of wildtype MEFs expressing the indicated viral shRNA.
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Figure 4. CRY2 is an essential component of SCFFBXL3-driven c-MYC ubiquitylation. See also 
Figure S4
Proteins detected by IB following HA IP (A) or in whole cell lysates (B,C,G,H) from 293T 

cells expressing the indicated plasmids or from primary MEFs of the indicated genotypes 

expressing the indicated plasmids (I–L) and following treatment with cycloheximide (CHX) 

for the indicated times (C,G,I,K). (A) Monoclonal antibody (Mono Ab) was used to detect c-

MYC (E) Proteins detected by autoradiography after a 35S-Methionine Pulse-Chase from 

293T cells expressing the indicated plasmids. (D,F) Quantitation of the IB data (D) or the 

autoradiography data (F) showed in (C) and (E) respectively. Data represent the mean ± s.d. 

for triplicate samples. In (D,F) * P<0.05, ** P<0.01 vs. c-MYC control by 2-way ANOVA. 

In (H,J,L) samples from time 0 for cell lines shown in (G,I,K) were loaded together for 

comparison. In (A) cells were treated with MG132 for 4 hours prior to lysis.
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Figure 5. SCFFBXL3+CRY2 interacts specifically with T58-phosphorylated c-MYC. See also 
Figure S5
(A) Top: Phosphate-binding loop (P-LOOP, magenta) at the interface of CRY2 (blue) and 

FBXL3 (red). Middle: Superposition of crystal structures from Protein Data Bank accession 

numbers 1LDK (SKP1-SKP2-CUL1-RBX1), 4I6J (SKP1-FBXL3-CRY2), and 4MLP 

(CRY2-KL001) with the CRY2 P-LOOP highlighted in magenta. Bottom: 90 degree rotation 

of the above image. (B,C) Proteins detected by IB following FLAG IP from 293T cells 

expressing the indicated plasmids. (D,E) Proteins detected by IB following streptavidin 

affinity purification after incubation of purified Flag-CRY2 and/or Flag-FBXL3 with the 

indicated biotinylated peptides. (F,J) Proteins detected by IB in whole cell lysates from 293T 

cells expressing the indicated plasmids and harvested at the indicated times (CHX: minutes 

after cycloheximide). (H) Proteins detected by autoradiography after a 35S-Methionine 

Pulse-Chase from 293T cells expressing the indicated plasmids. (G,I) Quantitation of the IB 

data (G) or the autoradiography data (I) showed in (F) and (H) respectively. Data represent 

the mean ± s.d. for triplicate samples. * P<0.05 vs. c-MYCT58A control by 2-way ANOVA.
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Figure 6. Low CRY2 expression enhances growth of human cancer cell lines. See also Table S3
Proteins detected by IB (A), proliferation (C), and colony formation in soft agar (D) in 

SW480 and A549 cells expressing the indicated plasmids. (B) Quantitation of the IB data 

shown in (A). (E–G) CRY2, CRY1, and FBXL3 expression in human tumor vs. normal 

samples.
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Figure 7. CRY2 deletion enhances MYC-driven lymphoma in vivo. See also Figure S6
(A) Proteins detected by IB in spleen samples taken from 6-week-old EμMyc+/−;Cry2+/+ and 

EμMyc+/−;Cry2−/− littermates. (B) Quantitation of proteins from WB in (A). (C) mRNA 

expression measured by qPCR in spleen samples used in (A). (D) Numbers of solid tumors 

observed in the indicated locations in EμMyc+/−;Cry2+/+ and EμMyc+/−;Cry2−/− littermates 

of the indicated ages or at the time of sacrifice necessitated by advanced disease progression. 

LN, lymph node. (E,F) Total combined tumor weight (E) and survival (F) at time of sacrifice 

due to advanced disease progression in EμMyc+/−;Cry2+/+ (black, N=19) and 

EμMyc+/−;Cry2−/− (red, N=15) littermates. In (B,C) data represent the mean ± s.d. of 

samples from 5 mice for which IB data is shown in (A). In (B,E) * P<0.05, ** P<0.01 by t-
test. In (F), P value is from log-rank calculations. (G) Schematic model for the role of CRY2 

as a cofactor for SCFFBXL3-driven ubiquitylation of phosphorylated c-MYC. (H) Deletion of 

Cry2 may contribute to cellular transformation in a pleiotropic manner.

Huber et al. Page 25

Mol Cell. Author manuscript; available in PMC 2017 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	SUMMARY
	eTOC blurb
	INTRODUCTION
	RESULTS
	Loss of Cry2 enhances proliferation and transformation
	Loss of Cry2 stabilizes c-MYC
	CRY2 and FBXL3 cooperatively bind c-MYC
	CRY2-FBXL3 promotes c-MYC ubiquitylation
	CRY2-FBXL3 binds c-MYC phospho-T58
	A role for CRY2-FBXL3-MYC in tumors

	DISCUSSION
	EXPERIMENTAL PROCEDURES
	Cell Culture
	Generation of Stable Cell Lines
	Proliferation and Transformation Assays
	Pulse-Chase Labeling Experiment
	Peptide Binding Assay
	Sequential IP
	Quantitative RT-PCR
	Isotope Labeling
	RNA Sequencing
	Gene Set Enrichment Analysis
	Structure Modeling
	Tissue Expression Profile
	Mice
	Nuclear Extract from Tissue
	Data Analysis and Statistics

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

