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Crosstalk signaling between circadian clock components and iron metabolism 

Samuel Peter Schiffhauer 

ABSTRACT 

Circadian rhythms are daily molecular oscillations within cells ranging from prokaryotes to 
humans.  This rhythm is self sustaining, and receives external cues in order to synchronize an 
organism’s behavior and physiology with the environment.  Many metabolites utilized in metabolic 
processes seem to follow a pattern of circadian oscillation.  Iron, an essential component in cellular 
processes such as respiration and DNA synthesis, is obtained almost exclusively through diet, yet 
little is known about how the clock governs iron metabolism.  The regulation of iron within the cell 
is very tightly controlled, as iron is highly reactive in the generation of oxidative stress and the 
excretion of excess iron is very limited.  There are limited findings indicating that there are molecular 
ties between the circadian clock and the regulation of iron metabolism. 
 

The first half of my dissertation focuses on the role of the circadian clock in modulating 
expression of iron metabolic components.  We found that key components of iron import, in TFRC, 
and export, in SLC40A1, show altered expression in response to changes in the expression of clock 
transcription components.  Furthermore, in circadian synchronized HepG2 hepatocytes TFRC and 
SLC40A1 showed rhythms in their mRNA expression, although expression of these genes was 
highly altered in conditions of high iron availability.  We also examined IREB2, which expresses a 
master regulator of iron concentration in IRP2.  IRP2 showed rhythms in phase with circadian 
component PER2, and IRP2’s rhythmicity was lost under iron overload conditions.  We observed 
that the ability of these three critical iron metabolic components to respond to sudden increases in 
available iron was mitigated in cells with clock impairment.  Whole cistrome and transcriptome 
analysis was used to determine that rhythmicity in TFRC and SLC40A1 are not equal in their 
recruitment of circadian protein binding or in the stage of transcription in which circadian rhythms 
are generated.  The cumulative effect of all of this regulation is that rhythmic variation in 
intracellular hepatic ferrous iron is clock controlled. 
 

The second half of my dissertation focuses on understanding how iron uptake influences 
clock resetting.  Initially, iron was added to the cells in the form of ferrous sulfate, or chelated out of 
the cells using 2-2’-dipyridyl and clock gene expression was monitored.  Altered rhythmicity of these 
components was seen at both the mRNA and protein level in cells with disrupted iron homeostasis.  
Then, we measured changes in period, phase, and amplitude of these rhythms, ultimately using a 
luciferase reporter cell line to demonstrate that even slight changes in cellular iron produce an effect 
on rhythmic period.  We find that the circadian clock and iron metabolism pathway are intimately 
related, and that the intracellular iron concentration plays a role in circadian clock behavior. 

 
Overall, our research illustrates the importance of the circadian clock in liver metabolism and 

physiology.  Improper iron metabolism due to genetic or dietary shortcomings is common in 
humans, and our work builds on the importance of chronotherapy in treatment of these conditions.  
Conversely, our research into the effect intracellular iron has on the clock contributes to the growing 
body of research into how circadian clocks, especially the peripheral clock of the liver, receive input 
from a range of metabolites in conjunction with signals from the master oscillator of the 
suprachiasmatic nucleus. 
  



 
 

Crosstalk signaling between circadian clock components and iron metabolism 

 

Samuel Peter Schiffhauer 

 

GENERAL AUDIENCE ABSTRACT 

 

 The circadian clock is the system allowing the body to stay in synchrony with its environment.  

Clocks are found in organisms ranging from bacteria to humans, and use environmental cues such as 

light and temperature to coordinate important processes inside the cell.  Many of these processes 

require enzymes which contain iron in order to function.  Iron is obtained almost exclusively 

through feeding, and high iron levels are toxic to the cell.  In this work, we looked at how the 

circadian clock helps maintain the amount of iron within the cell at healthy levels.  We showed that 

the genes which are involved in managing iron are expressed in different amounts depending on the 

time of day, and that this causes the amount of iron within the cell to vary over time.  We also 

examined how the amount of iron in the cells goes on to alter the circadian clock.  The way the 

circadian rhythm oscillates is altered when either too much or too little iron is available to the cells.  

These findings have health impacts, especially in the context of the liver where poor management of 

the circadian clock or iron metabolism have been linked to the development of various forms of 

liver cancer. 
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Chapter 1: Introduction 

 

1.1 Circadian rhythms synchronize an organism to its environment 

 The circadian clock is a widely conserved mechanism by which organisms coordinate their 

biological functions with the periodicity of their environment [3, 4].  Environmental cues are 

primarily photic, but non-photic cues such as temperature and food intake are also translated into 

biochemical regulation of clock rhythmicity [5-7].  By responding to these environmental cues, the 

allocation of cellular resources can be temporally optimized to coincide with the organisms’ 

interaction with its environment.  For example, blood pressure needs to be adjusted in accordance 

with an organism’s active state, and therefore there is circadian regulation of blood pressure, which 

is why the majority of strokes in humans occur in the early morning [8].  Mice in which the circadian 

gene circadian locomoter output cycles kaput (CLOCK) has been knocked out are hypotensive 

compared to control animals, animals with a knockout of cryptochrome 1 and 2 (CRY1/2) are 

hypertensive, while mice in which brain and muscle ARNT-like 1 (BMAL1) is knocked out lack any 

rhythm in their blood pressure, highlighting how the role of the clock in physiology is rarely due to 

interaction with a single circadian component but depends on the health of the clock as a whole [8-

10].  In addition to blood pressure, heart rate is linked to circadian regulation in order to raise heart 

rate during the active period [8].  The circadian clock regulates heart rate by controlling expression 

of calcium channels in the heart, and BMAL1 knockout mice develop weakened, enlarged hearts 

with age [11, 12].  Circadian clocks are essential to renal function, with renal blood flow and 

excretion of potassium and sodium all undergoing circadian rhythms [13].  The Na+/H+ exchanger 3 

protein aids in sodium reabsorption and is known to be rhythmic, however sodium excretion 

patterns are lost in CLOCK knockout mice [9, 14].  
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 Circadian clocks may influence metabolism, and this is a clear case where peripheral clocks 

are receiving entrainment cues directly from the environment, in the form of nutrients from food, as 

opposed to indirect cues from the suprachiasmatic nucleus (SCN) [15].  This is believed to occur 

through the NAD-dependent deacetlyase Sirtuin-1 with the CLOCK:BMAL1 heterodimer [16].  

Generation of circadian mutant mice quickly revealed the role of the clock in metabolism and 

obesity.  CLOCK (Δ19) mutant mice develop obesity, as do period 3 (PER3) knockout mice, 

regardless of diet [8, 17].  Studies have looked into restricting the time of feeding as a factor in 

weight gain, and found that mice fed either exclusively during the active or inactive period gained 

weight slower, had higher metabolic rate, and increased insulin sensitivity compared to mice with 24 

h access to food [18].  Coinciding with metabolic function, clock impairment is linked to 

development of diabetes through findings such as BMAL1 knockout mice demonstrating reduced 

glucose-stimulated insulin secretion, theorized to be linked to an upregulation of mitochondrial 

uncoupling protein 2 (UCP2) in these animals [19].  In addition, the circadian clock impacts other 

cellular processes such as endocrine function, hormone production, body temperature and immunity 

[8, 20-24].  Disregulation of the circadian clock has been linked to a number of diseases and 

disorders including tumorigenesis and this is one of the reasons that solving these molecular 

unknowns are of significant importance to researchers [25-28]. 

1.1.1 Core circadian clock mechanism 

 In mammals, circadian entrainment primarily begins in the suprachiasmatic nucleus (SCN), a 

region of the hypothalamus approximately 20,000 neurons in size which is able to receive photic 

signals throughout the retinohypothalamic tract by using the photopigment melanopsin within 

retinal ganglion cells [29].  This is a distinct sensory mechanism from rod and cone based conscious 

perception of light.  When malanopsin is stimulated in the  ganglion cells, they release glutamate and 
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activate the NMDA and metabotropic receptors of SCN cells [30].  Retinohypothalamic fibers 

directly translate these signals to the SCN [29].  Light exposure of retinal ganglion cells leads to rapid 

induction of PER1 in SCN neurons via cyclic AMP responsive element-binding protein (CREB) 

binding to cAMP-responsive elements in the PER1 promoter, showing how light can induce phase 

changes in the master clock [31, 32].  The clock in the SCN is also sensitive to certain nonphotic 

cues, such as melatonin, GABA, and serotonin [29].  The SCN has the capability to synchronize the 

circadian rhythm of peripheral tissues throughout the body by direct autonomous neuronal 

interaction, as well as indirectly through glucocorticoid hormone release and behavioral patterns 

[32].  For example, the SCN regulates wake/sleep periods, which results in feeding during specific 

times of the day.  This rhythmic influx of nutrients then has a synchronizing effect on the peripheral 

clock of the liver [15].  SCN afferent neurons are able to govern behavioral activity patterns by 

rhythmically inducing neuropeptides transforming growth factor-α (TGFα) and prokineticin-2 

(PK2) [32]. 

The core circadian clock is comprised of a feedback loop which generates a rhythmic 

oscillation that has a period of roughly 24 h (Diagram 1).  In the positive arm of the feedback loop, 

circadian proteins Brain and Muscle ARNT-Like 1 (BMAL1) and Circadian Locomotor Output 

Cycles Kaput (CLOCK) bind through a basic helix-loop-helix Per-Arnt-Sim (bHLH/PAS) domain 

to form a heterodimer which positively drives transcription of a number of genes through enhancer 

box (E-box) cis elements within their promoters[33, 34].  The canonical E-box sequence is 

CACGTG, although several noncanonical sequences have been found to bind the CLOCK:BMAL1 

heterodimer [35].  E-box containing genes include other core clock genes such as PERIOD 2 

(PER1-3) and CRYPTOCHROME 1,2(CRY1-2) which are positively regulated [36]. In addition to E-

box-mediated transcriptional regulation, there is another cis element called the DBP/E4BP4 binding 

element (D-box), which functions to delay the transcription of certain clock genes such as CRY1, 
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which in turn acts upon E-box elements in other genes[37].  In this way, a further delay in the 

feedback loop can be generated.  At least one D-box is present in PER1, PER2, PER3, and RAR-

related orphan receptor alpha (RORα), and by operating antiphase to E-box dependent 

transcription, higher amplitude transcriptional activity is generated [36].   

Among the many target genes transcriptionally activated by BMAL1:CLOCK are PERIOD 

and CRYPTOCHROME genes [36].  Upon transcription and translation, PERs and CRYs 

accumulate in the cytoplasm.  Casein Kinase 1ε and 1δ (CK1δ/ε) are critical kinases which function 

to generate a delay in the circadian feedback loop[38].  CK1δ/ε phosphorylates PER1 and PER2, 

which enhances their rate of degradation as well as blocking PER1 and PER2 from being able to 

reenter the nucleus [38, 39].  Degradation occurs when β-TrCP binds phosphorylated PER leading 

to ubiquitination and degradation by the 26S proteosome [40].  CK1δ/ε phosphorylation of PER 

however is counteracted by protein phosphatase 1 (PP1), and the rate of cytosolic accumulation is 

dependent on the balance of these two proteins in modulating the phosphorylation state of PER.  

Loss of a single phosphorylation site in PER2 (S662G) is sufficient to cause shortened circadian 

rhythms in humans [4].   Due to this balance of phosphorylation and degradation, it takes longer for 

PER to accumulate in the cytoplasm to a sufficient concentration where it forms a heterodimer with 

CRY, and reenters the nucleus [39].  PER2:CRY1 heterodimers then bind and inhibit the 

transcriptional activity of the CLOCK:BMAL1 complex, downregulating the expression of its 

transcriptional targets, which include PER and CRY themselves [41].  Eventually, ubiquitin-

dependent pathways degrade PER and CRY in the nucleus, and CLOCK and BMAL1 are able to 

resume their roles as transcription factors, and the cycle repeats [42].  Generating further robustness 

in the cycle are the orphan nuclear receptors Nuclear Receptor Subfamily 1, Group D, Member 1 

(NR1D1, expressing the protein REV-ERBα) and RAR-Related Orphan Receptor Alpha (RORα), 
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which are transcriptionally driven by the CLOCK:BMAL1 heterodimer [43].  Subsequently, RORα 

can then bind to retinoic acid-related orphan receptor response elements (ROREs) in the promoter 

of BMAL1 and drive its transcription [43].  However, when REV-ERBα binds to these same 

elements, BMAL1 transcription is repressed [43].  This adds a secondary negative feedback loop to 

the rhythm generation. 

 

 

Diagram 1: An overview of the core circadian feedback loop.  CLOCK and BMAL1 form a 

heterodimer to bind specific cis-elements and drive circadian gene transcription.  Two such gene families, CRY and PER, 
comprise a negative feedback arm on this transcriptional loop.  CRY and PER2 accumulate in the cytoplasm, with a 

delay in their accumulation driven by CK1ε-mediated degradation of PER2.  When a threshold has been reached, the 
PER2:CRY complex reenters the nucleus, and inhibits the DNA binding activity of BMAL1:CLOCK, inhibiting their 
own transcription.  Robustness of this cycle is promoted by two other proteins which are transcribed by 

BMAL1:CLOCK.  Rev-Erbα functions to inhibit BMAL1 transcription, while RORα (not shown) inhibits BMAL1 
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transcription.  These components work together to maintain a self-sustained 24h oscillation.  Therefore, the large 

number of genes which are transcriptional targets of BMAL1:CLOCK are transcribed with a 24h rhythmicity. 

 

 

1.1.2  Circadian clock and cancer 

 The International Agency for Research on Cancer has stated that “shift work that involves 

circadian disruption is probably carcinogenic to humans”[44].   Evidence in both humans and other 

model organisms establish that disruption of circadian rhythms increases the risk of cancer 

development and progression [45-47].  There is evidence that this correlation between reduced 

expression of clock genes and cancer may be due in part to the loss of rhythmic signaling by p53, 

allowing the activation of oncogene c-MYC [48].  Importantly, there is direct binding between PER2 

and p53 which mediates the activity of p53 in unstressed cells in response to DNA damage [1, 49].   

 There is evidence that the circadian clock regulates cell cycle components at multiple stages 

of the cell cycle.  Control of G1 phase is regulated by Cyclin D1, and this cyclin has been shown to 

be rhythmically expressed [50].  Stability of Cyclin D1 is linked to PER expression, and deregulation 

of Cyclin D1 in PER mutants leads to heightened proliferation [51].  Often genes associated with 

enhanced carcinogenesis are linked to breakdowns in G1/S transistion, such as p21 and p27 [50, 52].  

In this case there is c-MYC dependent regulation by the circadian clock, which is one of the primary 

ways the circadian clock regulates downstream transcription [53].  Similar to the role of c-MYC in 

allowing the clock to regulate the G1/S transition, the circadian clock uses an intermediary to 

control the G2/M transition.  In this instance, clock regulation of WEE1 and CDC25A control the 

timing of the G2/M checkpoint [50, 54].  Loss of WEE1 is strongly linked to tumorigenesis, it is 

thought that is due to the lack of cell cycle arrest during the G2/M transition [55, 56].  In addition to 

unchecked proliferation by degradation of cell cycle checkpoints, a large cause of tumorigenesis is a 

loss of apoptotic regulation [57].  Genes of the Bcl2 family which make up the intrinsic apoptotic 
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pathway are frequently found to be expressed rhythmically.  This includes both pro-apoptotic genes 

such as BID,BIM, and BAX, as well as anti-apoptotic genes such as BCL2 [50].  In the extrinsic 

apoptotic pathway, some of the executioner caspases such as CASP3 and CASP8 exhibit circadian 

rhythms in their expression [50].  Whether intrinsic or extrinsic, maintaining the correct balance of 

apoptotic signaling is key to cellular homeostasis, and this balance is in part maintained through 

circadian regulation [58]. 

Decreased PER expression is associated with breast tumor formation, and both PER1 and 

PER2 have been classified as tumor suppressor genes [59].  Not only do these proteins inhibit tumor 

growth, they also promote apoptosis [60].  Reduced expression levels of BMAL1 and CRY1 

correlate with development of epithelial ovarian cancer, with expression profiles of these genes 

being used as prognostic indicators [61].  Downregulation of core circadian genes is also found in 

myeloid leukemia, PER1-3, CRY1-2, and CK1ε are all expressed below normal levels [62].  This 

evidence together supports the hypothesis that many circadian genes serve functions inside the cell 

that are autonomous from their circadian duties and relevant to processes such as DNA damage 

response and oncogenesis.  Also supporting this theory is that circadian mutant mice are more prone 

to tumor development regardless of light conditions [48]. 

 

1.2  Iron metabolism 

1.2.1  Iron influx and efflux 

 

 Cytosolic concentration of iron is very tightly regulated due to the element’s reactive nature 

and the variety of key pathways in which iron is involved.  Iron enables ribonucleotide reductase to 

catalyze the conversion of ribonucleotides to deoxyribonucleotides, and is critical to the citric acid 

cycle as a unit of the heme molecule[63].  Mammalian cells derive their required iron primarily 
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through dietary intake, as well as through recycling of previously ingested iron by macrophages [64, 

65].  An overview of the mammalian iron metabolic pathway governing the net transfer of iron in 

and out of the cell is seen in Diagram 2.  In mammals, absorbed dietary iron is bound within 

transferrin (TF), in its ferric state.  This nonreactive iron can then circulate through the bloodstream 

to peripheral tissues, where it can be uptaken by cells through the surface receptor transferrin 

receptor 1 (TFRC).  Following endocytosis, the acidic environment of the endosome triggers the 

release of ferric iron from TF[66].  At this point the ferrireductase six transmembrane epithelial 

antigen of the prostate family member 3 (STEAP3) reduces the ferric iron to its ferrous state, 

enabling the transport of iron from the endosome to the cytosol by divalent metal transporter 1 

(DMT1) [66-68].  Iron that is not being actively incorporated into proteins and transported 

throughout the cell is stored in ferritin [69].  Ferritin is a spherical storage protein composed of two 

polypeptides, a heavy chain and a light chain [70].  These polypeptides are expressed by the genes 

ferritin heavy polypeptide 1 (FTH1) and ferritin light polypeptide (FTL).  While iron stored in 

ferritin is considered bioavailable, many cell types maintain a labile iron pool (LIP) of ferrous iron in 

the cytosol loosely bound to weak chelators such as citrate or pyrophosphate[66, 71].  Excess 

ferrous iron in vertebrates is removed through only a single known exporter protein, ferroportin 

[63].  Ferroportin 1(FPN1), is a membrane-bound protein encoded by solute carrier family 40 

member 1 (SLC40A1), post-translationally regulated in part by binding the peptide hormone 

hepcidin and followed by internalization and subsequent proteasome-mediated degradation [72].  In 

environments with low circulating iron available, the liver will upregulate transcription of hepcidin 

antimicrobial peptide (HAMP), to reduce the concentration of ferroportin in the surface of the cell, 

which results in the cell retaining more ferrous iron.  The hepcidin feedback mechanism is a general 

strategy used by cellular systems including hepatic cells to regulate iron recycling as shown in 

macrophages [65].  Almost immediately after ferrous iron is pumped out of the cell by ferroportin, 
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the oxidase cerruloplasmin converts Fe2+ to Fe3+ where it is available for binding once again by 

transferrin[73]. 

 An additional level of regulation in the iron metabolic pathway is through the mRNA 

binding activity of iron regulatory proteins (IRPs).  These proteins function as posttranscriptional 

regulators of multiple iron metabolic genes in both a positive and negative manner to regulate the 

intracellular iron concentration [66, 74].  IRPs bind to iron response elements (IREs) in either the 5’ 

or 3’ untranslated region (UTR) of target mRNAs.  When the IRE is located in the 5’ UTR, 

translation is blocked, and subsequent protein expression is reduced.  This is found in iron storage 

and export proteins such as ferritin and ferroportin, resulting in higher intracellular concentrations 

of available ferrous iron[66, 74].  However, IRPs will stabilize the mRNA, promoting protein 

synthesis, if the IRE is found in the 3’ UTR [74].  This is observed with genes involved in iron 

import, such as TFR1 and DMT1.  The overall mRNA binding activity of IRPs is inversely related to 

the intracellular iron concentration, resulting in a system in which iron regulatory protein expression 

is constantly modulated to manage intracellular iron.  At times of low intracellular iron, IRPs are able 

to effectively bind IREs resulting in decreased translation of FTH, FTL, and SLC40A1 mRNAs, yet 

simultaneously increasing translation of TFR1 and DMT1 mRNAs, resulting in a net increase in 

intracellular iron concentration [66, 74].  When intracellular iron concentrations are high, IRPs no 

longer bind to IRE sequences, and the expression of iron storage and export proteins increases once 

again, while translation of TFR1 and DMT1 mRNAs will decrease to limit iron uptake[74].  

Accordingly, there is a multilevel system of control over the intracellular concentration of iron, 

which is dependent both on the extracellular availability of iron, as well as the metabolic demands of 

the cell.  Under pathological conditions, for example when considering the tumor 

microenvironment, it appears that both an abundance of systemic iron and heightened metabolic 
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demand are deregulated, and that the breakdown of iron homeostasis can’t be attributed to any 

single component of the regulatory system[63, 75, 76].   

 

 

Diagram 2:  An overview of iron import, storage, and export in the mammalian cell.  Transferrin bound ferric 
iron is brought into the cell through the TFR1 surface membrane receptor in an endosomal process.  Ferric iron is 
released in the endosome, reduced to ferrous iron by the ferriductase STEAP3, and transported out of the endosome 
DMT1 to join the metabolically available labile iron pool.  Excess iron is stored in ferritin, or exported out of the cell by 
FPN.  In periods of low iron availability, the peptide hormone Hepcidin will bind to FPN and initiate its degradation, 
conserving intracellular iron.  Iron influx and efflux is transcriptionally regulated by IRPs which repress or enhance 
expression by binding to IREs at the 5’ or 3’ end of a gene’s mRNA, respectively. 

 

1.2.2  Iron in diet and physiology 

 Because of the low potential for excretion of excess iron, it must be tightly controlled, with 

efficient processes for recycling iron that is already within the body as well as selectively limiting 

absorption of new iron.  The majority of iron within the body (~2 g) is functioning in hemoglobin 
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of the red blood cells, while ~1 g is stored in the liver [66, 77].  Reticuloendothelial macrophages are 

constantly recycling these cells, and they function as a flexible storage site for excess iron along with 

the liver [77].  The daily iron needs amount to around 25 mg of iron, the majority of which is 

sourced from recycling of erythroid cells which have a circulatory lifespan of around 120 days, with 

1-2 mg of dietary iron in the form of inorganic ferric iron and heme absorbed through the 

duodenum of the small instestine [77].  To prevent gradual accumulation of iron within the body, 1-

2 mg of iron are lost each day through the sloughing of dead epithelial cells [77].  This emphasis on 

maintaining the correct combination of circulating and stored iron through controlled uptake rather 

than excretion makes conditions of excess iron very difficult to manage. 

 In normal physiology, circulating iron is bound by transferrin.  The clinical term of 

transferrin saturation refers to the percent of iron binding sites on serum transferrin which are 

occupied by ferric iron molecules, which is typically 20%-40% [78].  There is also a smaller pool of 

circulating transferrin which can be quantified as a measure of iron stores, levels of which can 

correspond with inflammation or infection [77].  It is possible for the concentration of circulating 

iron to surpass the circulatory carrying capacity, and this reactive iron will tend to accumulate in the 

liver, heart and pancreas, often causing damage [79].  The main sensor for the overall balance of 

stored versus circulating iron is hepcidin secreted by the liver [77].  Conditions such as hypoxia or 

anemia which stimulate erythropoiesis, or iron deficiency will suppress hepcidin expression in order 

to increase available circulating iron [77].  When the systemic iron needs to be lowered, either due to 

excessive circulating iron for normal physiology, or in the case of infective inflammation when an 

organism is trying to restrict iron available to pathogens, hepcidin will be stimulated [77]. 

 Nearly one eighth of the world’s population suffers from iron deficiency, with another 

eighth having anemia for other reasons [80].  Deficiency can be due to nutritional deficiency, 

improper gut absorption, pregnancy, or excessive blood loss, and this can lead to health 
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complications such as child development impairment, cognitive decline, and even mortality [77].  In 

other cases, the total iron in the body is within normal ranges, but the circulating iron pool is still 

impaired, functionally limiting processes such as erythropoiesis.  This is known as anemia of chronic 

disease, and is found in patients with cancer or autoimmune diseases [81].  

 Conditions such as hereditary hemochromatosis or transfusional overload result in excess 

iron accumulating in the body, and leads to health complications such as cirrhosis, diabetes mellitus, 

and cardiomyopathy [77].  Hereditary hemochromatosis results in chronically low hepcidin levels 

and therefore overactive ferroportin, whereas other iron overload conditions such as iron-loading 

anemias are the result of insufficient red blood cell generation, meaning slower than normal 

incorporation of circulating iron [77].  Because the liver is the primary organ for iron storage, it is 

often associated with damage in conditions of iron overload.  Resultant oxidative damage is 

associated with cirrhosis and hepatocarcinoma [82].  Damage to the liver by other measures such as 

alcoholic fatty liver disease or hepatitis can result in iron overload within the organ, which only 

serves to progress the damage further [83].  Iron overload is strongly associated with diabetes 

mellitus, and even high dietary iron in otherwise healthy individuals is associated with this metabolic 

disorder, for reasons that are not strongly understood [84].  Abnormal iron concentration in the 

heart is associated with multiple health conditions.  Excessive iron can lead to cardiomyopathy and 

erythmia, while iron deficiency is associated with 30%-50% of patients with chronic heart failure, 

which is partly why iron supplementation is such a common treatment in this population [85]. 

 Aberrant iron metabolism in the brain is connected to multiple neurological conditions, with 

both iron deficiency and iron overload connected to diseases.  In rats, iron deficiency led to 

permanent impairment of the striatal dopaminergic-opiate system causing irreversible learning 

impairments [86].  Iron accumulation has been implicated in the development of Parkinson’s and 

Alzheimer’s disease, and it is thought that in patients developing these conditions excessive iron 
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contributes to oxidative stress and neurotoxicity in the brain [77].  This is even more noteworthy 

when we consider that non-heme bound iron naturally accumulates in cells of the brain, liver, and 

heart during aging [87, 88].  While we commonly associate the elderly with anemia and subsequent 

health complications with strength and cognition, this problem may be more due to iron circulation 

rather than total body iron stores [87]. 

  

1.2.3  Aberrant iron regulation in cancer 

 Multiple studies have linked abnormal iron levels to cancer development and prognosis[63, 

75, 76, 89, 90].  As a vital component of multiple cellular functions, there is a constant need for 

elemental iron within the cell but its intrinsically reactive nature makes unchecked intracellular iron 

damaging.  Accordingly, saturation of transferrin with iron was shown to be a significant indicator of 

cancer development later in life in a 14,000 individual population study[91].  This overload of iron 

can be due to genetic or dietary factors, and it seems that in both cases correlates with an increased 

risk of cancer development [82, 91-93].  Hereditary hemochromatosis (HH) is a genetic disorder, 

typically resulting from mutations in the gene hemochromatosis (HFE) resulting in iron overload, and 

individuals who suffer from this condition face a much higher risk of developing hepatocellular 

carcinoma[94].  Loss of HFE function results in abnormal hepcidin regulation in response to 

changes in intracellular iron, and ultimately to accumulation of iron within the liver [94].  Whether 

through a hereditary condition or through the accumulation of genetic defects as is typically seen in 

cancer development, one thing that seems to be consistent is that cancer cells tend to increase the 

amount of available intracellular iron, enhancing the potential for replication without concern for the 

inherent increase in oxidative stress potential[63, 95, 96].  Conversely, there is evidence that clinical 

steps taken to lower iron stores in the body such as phlebotomy can reduce the risk of cancer 
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development.  Indeed, frequent phlebotomy was correlated with decreased risk of liver, lung, colon, 

and other cancers [97]. 

 One of the connections between increased iron load in cells and cancer cell behavior is the 

role of iron in generating reactive oxygen species (ROS) [98].  ROS molecules such as superoxide, 

hydrogen peroxide, and hydroxyl radicals are produced naturally in the cell, however high levels in 

normal cells will induce apoptosis and necrosis[99].  In cancer cells, proliferation and disease 

progression are linked to the altered functionality of ROS control pathways[100, 101].  Excess ROS 

promotes malignant phenotypes by altering Wnt signaling and angiogenesis[102, 103].  Higher rates 

of ROS accumulation further cause DNA damaging oxidation of deoxyribose, enhancing mutation 

rates in cells cancer cells which are likely to have impaired repair mechanisms[104].   

 Increase in intracellular free iron in malignant cells often results from overexpression of 

genes involved in iron uptake[63, 105].  TFR1 is commonly overexpressed in many types of cancers, 

and antibodies against this receptor have been used to combat tumor growth directly as well as a 

target to deliver chemotherapeutics[95, 106].  A complementary method to transferrin mediated iron 

uptake is through the small iron binding ligand catachol, which will complex in the blood with the 

protein lipocalin 2 (LCN2)[107].  This iron-catechol-LCN2 complex can then be internalized by 

recognizing the cell surface receptor SLC22A17, providing a secondary method of iron uptake by 

the cell [108].  In MCF7 cells, overexpression of LCN2 increases replication, and this may bear out 

in human patients as upregulated LCN2 was associated with hepatocellular carcinoma and reduced 

survival in patients [109, 110].   

 As previously stated, cytosolic iron can be oxidized by the heavy subunit of the ferritin 

protein, and stored in this form within the ferritin shell to reduce the amount of reactive species 

generated in the cell[74].  Ferritin contains a ferri-hydrite mineral core that can hold up to 4,500 iron 

atoms[63].  Unsurprisingly, as the tumor is restructuring its environment to aid in proliferation, 
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increased levels of available iron are demanded [98].  Through upregulation of the IRPs, ferritin is 

found to be downregulated in some cancer cells, increasing the available iron pool.  As a result, there 

is a higher level of oxidative damage in the cell.  The differential expression of IRP1 and IRP2 is 

known to have an unusual effect on malignant cells, one that highlights how much is left to learn 

about the post-transcriptional regulatory power of IRP:IRE binding activity.  IRP1 and IRP2 have 

very similar RNA-binding roles within the cell, however IRP1 also functions as a cytoplasmic 

aconitase [74].  However, overexpression of IRP1 leads to reduced tumor growth, while 

overexpression of IRP2 is reported to enhance tumor growth, possibly through additional oncogene 

related transcriptional roles unrelated to its iron metabolic activity [111, 112]. 

 Mammalian cells which need to export protein from the cell rely on a single mode of export, 

and as such relatively minor changes to the expression pattern of the responsible protein, 

ferroportin, can have a large impact on the concentration of iron in the cell.  For example, hereditary 

hemochromatosis highlights how the ferroportin-hepcidin pathway can lead to chronic health issues 

and greatly increase the risk of cancer development and progression[94].  Although hepcidin is 

mainly expressed in the liver in response to circulating iron concentrations, it has also been found to 

express in breast epithelial cells, so perhaps there are tissue specific responses to systemic changes in 

iron availability [75].  There may also be differing roles between systemic hepcidin secreted by the 

liver, and local hepcidin expression in the tumor microenvironment.  This is likely due to the 

hypoxic nature of tumors and the role downregulation of hepcidin in hypoxic conditions [113].  

However, systemic hepcidin expression in organisms with cancer often increases, although this 

varies based on cancer type and malignancy stage [113, 114].  Decreased ferroportin is a common 

trait of breast cancer cell lines and breast tumor tissue samples, and decreased ferroportin has been 

used as a marker for poorer prognosis in the growth of primary tumors as well as the onset of 

metastasis [75, 115].  Not only was the ferroportin expression significant in the eventual outcome of 
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patients, but hepcidin expression was also found to play a role in determining the final intracellular 

iron balance, and subsequently the prognosis of the patient[75].  This is one example of how the role 

of local hepcidin expression, in this case in breast tissue, can differ from systemic hepcidin secreted 

by the liver.  High levels of hepcidin expression in mammary epithelial cells contributes to the 

accumulation of iron [75]. 

 

 1.3  Initial connections between iron metabolism and the circadian cycle 

The feedback loops that govern the circadian cycle as well as the concentration of cellular 

iron are clearly essential to healthy cell behavior, and both have been strongly linked to the 

development and progression of cancer [46, 63].  One of the key uses of iron within the body 

involves the synthesis of heme in erythroid cells, which is rate limited by the heme inhibiting the 

uptake of transferrin bound ferric iron, creating a negative feedback loop unique to this cell type 

[116, 117].  Heme is a well categorized molecule that uses iron to sequester several gasses for cellular 

respiration as well as monitor the overall redox state of the cell.  Heme is tightly related to the 

balance of the labile iron pool, in times of low intracellular iron heme oxygenase 1 (HMOX1), 

involved in heme degradation, releases iron to be used in metabolism [118].  Heme binds to the 

circadian transcription factors NPAS2 and REV-ERBα, through a Per-ARNT-Sim (PAS) domain or 

histidine containing ligand binding domain, respectively [119, 120].  When in the heme-bound state 

these transcription factors are not able to bind DNA.  Additionally, it has been shown that heme 

functions at the posttranslational level to degrade Per2, altering the negative feedback arm of the 

circadian clock [121].  This binding between heme and PER2 occurs through a novel heme-

regulatory motif, and is dependent on the redox state of the iron contained in heme [121]. Heme 

was also found to dampen the oscillation of PER2 in the SCN, and that this effect was both 

reversible and tissue specific [122]. 
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Outside of heme, there is physiological evidence of serum iron levels and transferrin 

saturation levels exhibiting a circadian pattern [123, 124].  Because the intracellular iron pool is 

regulated in response to the extracellular iron supply, the circadian oscillation of serum iron is a 

promising lead for our research.  Dietary iron deprivation is sufficient to disrupt circadian behavior 

in a murine model, once again showing that this is not the case of one pathway regulating the other, 

but there appears to be crosstalk between the two in order to maintain normal function [125].  This 

study was using a murine model for restless leg syndrome, in which symptoms of impaired rest 

present themselves in the late subjective night phase.  Another study in rodents used a four week 

iron-free diet to severely deplete iron reserves in rats, and monitor the effect on dopaminergic 

neuronal activity [126].  Observed rhythms of body temperature and motor activity were completely 

antiphasic in anemic animals, suggesting a drastic shift in the clock and dopaminergic neuron 

function[126].   Intriguingly, this study found that when anemia was relieved through dietary 

supplementation, physiology quickly returned to normal[126].   There is a limited amount of 

evidence regarding circadian expression of iron metabolic components.  One study shows 

rhythmicity of TFR1 is dependent on rhythmic c-MYC transcription factor activity [127].  This group 

also showed a time dependent efficacy of a transferrin conjugated antitumor agent, theorizing that 

internalization of the agent was dependent on the abundance of TFR1 at the cell surface [127].  In 

addition to transcriptional regulation by c-MYC, the same group later reported that there was 

posttranscriptional regulation of TFR1 transcripts by rhythmic expression of IRP2 [128].  The 

authors show that IRP2 transcription is driven by CLOCK:BMAL1 heterodimer activity, and that in 

their model of tumors implanted in mice, there was variation in the concentration of iron within the 

tumor tissue [128]. 

 The tumor suppressor gene p53 is well known to be under circadian control, and recently it 

has been implicated in the expression of multiple iron regulatory proteins [60, 63, 129].  p53 inhibits 
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IRP binding to IREs, which in turn induces ferritin [130].  Growth arrest initiated by p53 may have 

to do with a depletion of available iron due to induced ferritin expression[130].  p53 is a known 

transcriptional activator of HAMP, this is thought to be another anticancer defense mechanism by 

minimizing the export of dietary iron by enterocytes [131].  In mice, iron overload from either a 

genetic or dietary cause was shown to correlate with a significant downregulation of p53, due to the 

ability of heme to destabilize p53 protein upon binding [129].  Here we can see evidence of a 

feedback loop between a circadian protein exerting a regulatory effect across multiple iron 

metabolism factors, while p53 itself is simultaneously being regulated by the overall state of iron in 

the cell.   

 There are an ever increasing number of pathways which have been proposed to operate in a 

circadian manner, controlling many of the most vital cellular functions [26, 132].  Many of these 

processes involve enzymes which require iron for their catalytic domains.  Logically, the demand for 

synthesis of these enzymes will result in a corresponding increase in demand for free iron.  Table 1 

shows a selection of enzymes which utilize iron and are involved in pathways that have been 

connected to the circadian clock.  The enzymatic requirement for iron is found across diverse 

pathways, which can lead to a host of pathologies when these pathways are disturbed. 

We hypothesize that the circadian clock exerts a direct regulatory role on the expression of 

iron metabolic components, as a further means of coordinating metabolism with the environment.  

We also hypothesize that there is heme-independent mediation of circadian clock components 

dependent upon the iron status of the cell. 
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Process Iron-dependent Protein Circadian Connections of 
Pathway 

Circulatory oxygen transport hemoglobin[133] Heme synthesis peaks at end of 
subjective night. [134] 

Mitochonidrial Respiration Respiratory Complex I-III 

Cytochrome C[133] 

Hepatic mitochondrial respiration 
peaks during subjective light.[135] 

Oxygen consumption was in 
phase with PER2 expression in 
synchronized C2C12 cells.[136] 

DNA Synthesis Ribonucleotide Reductase 

DNA Primase[133] 

S-phase of tongue keratinocytes 
peaks late in subjective dark 

phase.[137] 
Ribonucleotide reductase 

expression is rhythmic, and helps 
the mouse liver coordinate 
nucleotide synthesis.[138] 

DNA Damage Response and 

Repair 

mutY-homolog[133] 

Xeroderma pigmentosum 

D[139] 

Nucleotide excision repair activity 
peaks at the transition from rest to 
active period in mouse brain.[140]. 

Excision repair in mouse liver 
peaks at the end of inactive 
period, but is arrhythmic in 

testis.[141] 
 

Cell Signaling Guanylate Cyclase[133] Guanylate cyclase activity and 
cGMP increase at night in 

hamster retina.[142] 
Rhythmic guanylate cyclase in 

aortic tissue helps modulate blood 
pressure.[143] 

Table 1:  A representative selection of circadian cellular processes which utilize iron-dependent proteins.  Note, 
in not all cases are the proteins listed specifically demonstrated to be rhythmic, in some cases information is only 
available on the rhythmicity of other components of the cellular process.  They are mentioned here to illustrate the 
shared utilization of circadian regulation and iron catalytic activity in many cellular processes. 
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1.4 Specific Aims 

The circadian clock is increasingly implicated in regulation of metabolism, as a key interface between 

cellular demands and an organism’s environment [3, 144].  In mammals, the molecular clock is 

formed by a transcriptional-translational feedback loop where the expression of its core components 

drives the different phases of the daily cycle and whose protein products influence the cell’s 

biochemistry.  As such, the objective of this research is twofold; first, to expose the cellular 

mechanisms responsible for synchronizing iron metabolic processes to specific times of the day, and 

second, to provide a rationale for understanding how time-dependent uptake of iron triggers clock 

resetting in target tissues.  Therefore, we propose to study the following specific aims: 

Aim 1: To determine if fluctuations in intracellular iron levels result from the regulation of 

iron metabolic components by circadian clock components. 

Peripheral clocks are especially important for metabolic regulation of liver function, and this 

tissue is the primary organ for iron metabolism [145, 146].  Our preliminary data show that circadian 

synchronized human hepatocyte cells previously known to exhibit functional hepatic metabolism, 

also display a 24-h oscillation in their labile iron pools as determined by using a ferrous specific 

colorimetric chelator [147, 148].  Thus, we hypothesize that circadian regulation of iron metabolic components 

results in fluctuations in the size of the labile iron pool.  We will explore whether circadian regulation is 

occurring at one or more stages of iron import, storage, and export from the cell.  To accomplish 

this, we will first evaluate how various circadian scenarios impact the steady-state expression of iron 

metabolic genes and their products.  We will then use timecourse experiments to examine rhythms 

in expression of iron metabolic components.  To determine whether these effects are sustained at 

the mRNA or protein level, we will analyze rhythmicity of both expression stages using qRT-PCR 

and western blot.  Because destabilization of the circadian clock and iron metabolic pathways can 
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lead to pathological conditions, we will evaluate the impact of clock impairment on the response of 

iron metabolic genes to sudden increase in intracellular iron.  We expect that deregulation of specific 

circadian genes will impair the ability of the iron metabolic pathway to buffer changes in iron levels.    

In order to correlate patterns of circadian transcription factor binding and transcriptional activity on 

iron metabolic genes, we will use genome-wide ChIP-seq and nascent-seq datasets obtained from 

synchronized mouse liver tissue.  By mapping circadian factors’ binding to iron metabolic genes in 

the mouse genome, we will determine to what degree rhythmicity in intracellular iron is due to direct 

transcriptional regulation by the clock. 

Aim 2: To identify points of control at which endogenous labile iron influences clock core 

regulation and impacts resetting. 

 Iron overload can be acquired through both genetic and dietary factors, and can lead to 

widespread health detriments[64, 93, 149].  Proper homeostasis requires an organism to be in sync 

with its environment and dietary sources, including iron, and therefore we hypothesize that internalized 

iron may exert a level of feedback on the circadian clock in order to maintain homeostasis.  Our preliminary data 

show that core circadian components are expressed rhythmically in synchronized HepG2 cells.  We 

will first investigate how either enriching or depleting the labile iron pool influences the steady state 

level of expression of core clock components and their capacity to sustain circadian rhythmicity.  We 

will use a combination of molecular tools and a cell knock-in PER2 reporter system to monitor 

changes in circadian parameters (i.e., phase, period, and amplitude) and establish the relevance of 

iron levels for maintaining circadian oscillations. 

Impact:  Our studies will provide insight into how the circadian clock coordinates rhythmic iron 

uptake through feeding with hepatic homeostasis and thus we aim to provide a means for 

considering the relevance of circadian factors in individuals who, for genetic or behavioral reasons, 

are unable to maintain iron homeostasis.  In addition, applications of this molecular crosstalk help 
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guide future translational studies regarding the timing of cancer treatments which use iron 

metabolism components as conjugates for targeted therapy.  Among individuals with clock 

impairment due to genetic mutations or behavioral obstacles such as shift work, the detriment to 

iron metabolism homeostasis could place these individuals at increased risk of liver damage and 

ultimately hepatocellular carcinoma. 
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Chapter 2: Role of the circadian clock mechanism in balancing the level of the intracellular 

labile pool of iron. 

 

2.1 Introduction 

 The body uses several signaling mechanisms to modulate iron concentrations.  One of the 

primary methods is through the hepcidin/ferroportin axis[133].  Hepcidin production in the liver is 

upregulated in response to excessive iron conditions, subsequently binding to ferroportin and 

causing internalization and degradation  [133].  This results in less iron absorbed by duodenal 

enterocytes being exported into the circulation, as well as reducing the export of iron stored in 

hepatocytes and macrophages [133].  Transcriptional induction of hepcidin in high circulatory iron 

conditions is reliant on HFE sensitivity to transferrin saturation levels [133].  In order for hepcidin 

production to also be sensitive to intracellular iron conditions, an alternative mechanism composed 

of bone morphogenic protein 6 (BMP6) is needed [150].  BMP6 acts in conjunction with 

hemojuvulin (HJV) to stimulate hepcidin production [150].  Loss of function in hepcidin, HFE, and 

hemojuvulin result in unchecked export of iron by ferroportin, and are common causes of the iron 

overload disorder hemochromatosis [133].  

 Another iron sensing mechanism is the hypoxia inducible factor (HIF) pathway, in which the 

HIF-α/β heterodimer is sensitive to both oxygen and iron levels in the management of hypoxia and 

anemia [133].  The regulatory subunit of the heterodimer is HIF-α, which is stabilized in hypoxic 

conditions and leads to transcriptional activity of HIF target genes including TRF, TFRC, and 

HAMP [133].  In order for the HIF pathway to respond to systemic iron levels, the enzyme family 

prolyl hydroxylase 1-3 (PHDs) is required [133].  PHDs require a ferrous iron ion for catalytic 

function, in which PHDs hydroxylates HIF-α and triggers its degradation [133].  Therefore under 

low iron conditions PHD activity is low and HIF transcription factor activity increases [133].  HIF 
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goes on to bind and inhibit HAMP transcription while also enhancing TRF and TFRC transcription, 

serving to increase the amount of intestinal iron absorption and export of iron stores into the 

circulation [151-153].  

The balance of intracellular iron import, storage, and export is largely regulated by the IRPs 

binding to iron responsive elements (IREs) in iron metabolic transcripts [66].  During conditions of 

low iron, IRPs bind to 5’ IREs in transcripts for H-ferritin and ferroportin, thereby blocking their 

translation and inhibiting iron storage and export, while simultaneously enhancing iron intake by 

binding 3’ IREs in TFRC mRNA [66].  Because the binding of IRPs to IREs is inhibited by iron, 

this provides a sensitive method for iron homeostasis to be maintained.  Dual knockouts of IRP1 

and IRP2 are embryonically lethal, illustrating the critical importance of this iron sensing pathway 

[154]. 

 Because iron is poorly excreted from the body, its absorption in the small intestine and 

metabolism throughout the body must be tightly regulated.  The circadian clock is a regulatory 

pathway which coordinates physiology with the environment, and is found in organisms ranging 

from mammals to plants and bacteria [155].  In humans, the main pacemaker of the clock is the 

suprachiasmatic nucleus in the brain, although peripheral oscillators semi-autonomously maintain 

rhythms as well [156].  The liver contains an especially robust peripheral clock, in addition to being 

the primary organ of iron storage.  There is a limited amount of evidence which suggests that the 

circadian clock is involved in regulation of iron metabolic components [127, 128].  In tumor 

implants in mice, IRP2 oscillated with a circadian rhythm, in turn generating post-transcriptional 

oscillation in TFRC mRNA [127, 128].  In clinical studies, there is evidence that metrics such as 

serum iron concentration and transferrin saturation fluctuate with daily rhythms [123, 124].  Slowly, 

a picture is emerging of how the circadian clock coordinates iron homeostasis in hepatocytes with 

the rhythmic ingestion of iron by feeding. 
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2.2 Materials and Methods 

 

Cell cultures 

Human hepatocellular carcinoma (HepG2) cells were a gift from Dr. Herbert Bonkovsky (Wake 

Forest University) and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, MT 10-014-

CV, Corning) supplemented with 10% (v/v) fetal bovine serum (2916254 MP Biomedicals, 30µM 

Fe+), 50 units/ml penicillin, and 50 units/ml streptomycin.  The use of this fetal bovine serum 

resulted in a growth media with an iron concentration of 3 μM, which is very low compared to the 

physiological range of iron in the serum of human blood (10-30 μM).  Mouse embryonic fibroblasts 

expressing a PER2::Luciferase fusion protein (MEF PER2::LUC) cells were a gift from Dr. Shihoko 

Kojima (Virginia Tech University) and were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM, MT-10-013-CV, Corning) supplemented with 10% FBS (2916254 MP Biomedicals), 50 

units/ml penicillin, and 50 units/ml streptomycin.  Alpha mouse liver 12 (AML12) cells were 

purchased from ATCC and were cultured in a 1:1 mixture of DMEM (MT 10-013-CV, Corning) and 

Ham’s F12 (12-615F Lonza) supplemented with 10% FBS (35-010-CV, Corning), 40 ng/ml 

dexamethasone, 0.005 mg/ml insulin, 0.005 mg/ml transferrin, and 5 ng/ml selenium (ITS, 25-800-

CR, Cellgro).  All cells were maintained at 37°C in a cell culture incubator injected with CO2 to 

achieve a 5% (v/v) final CO2 concentration. 

Transfection of recombinant DNA and siRNAs 

Cells were seeded at 3x105 cells/well in 6-well plates and grown until an estimated 50-80% 

confluence was reached as judged by microscopy.  Transfection was optimized using Lipofectamine 

LTX (Life Technologies) according to manufacturer’s instructions.  Transfections were carried out 
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in HyClone HyQ-RS reduced serum media (SH30565.02, HyClone) for 4 h.  Cells were then 

maintained in appropriate media without antibiotics, at 37°C and 5% CO2 (v/v) for 24 h to allow 

transfected proteins to express prior to harvesting or further treatment.  Transfections with siRNAs 

were performed using Dharmafect 4 (T-2004-01, GE Healthcare) and 25 nanomoles of siRNA 

according to manufacturer’s instructions.  Cells were incubated in serum-free media with siRNA 

liposomes for 24 h, then complete growth media for a further 24 h before collection or further 

experimentation to allow for maximum protein knockdown.  Protein extraction was performed in 

NP-40 lysis buffer containing 10mM Tris-HCL (pH 7.5), 137 mM NaCL, 1mM EDTA, 10% 

(v/v)glycerol, 0.5% (v/v) NP-40, 80 mM β-glycerophosphate, 1mM Na3VO4, 10 mM NaF, 10 uM 

leupeptin, 1uM aprotinin A, and 0.4 uM pepstatin. 

In vitro circadian synchronization of mammalian cells 

HepG2 cells were circadian synchronized using a serum shock procedure.  At time -2h, regular 

growth media was replaced with media containing 50% (v/v) FBS (2916254 MP Biomedicals), with 

the understanding that this results in an increase in the iron concentration of the media to 15uM.  At 

time 0h, this media was replaced with serum free media, and the synchronized cells would be 

harvested by trypsinization at the various times and stored at -80°C until further use.  For all 

experiments involving synchronization of HepG2 cells, it was necessary to maintain the cells for 2 h 

in serum free media prior to addition of serum shock media.  Therefore, cells cultured in plates 

which were to be synchronized would be maintained as normal in media with 10% FBS.  At time -

4h, the media would be replaced with serum free DMEM.  At time -2h, the media would be replaced 

with the serum shock synchronization media containing 50% FBS.  At time 0h, the media was 

replaced with serum free DMEM, and the synchronized cells were harvested at specified timepoints. 
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Immunoblot assays 

Cell lysates (~70μg) were resolved by SDS-PAGE, and proteins analyzed by immunoblotting using 

primary antibodies directed against PER2 (Sigma-Aldrich), IRP2 (Cell Signaling) and tubulin (Sigma-

Aldrich).  Chemiluminescence reactions were visualized in a ChemiDoc XRS+ molecular imager 

(BIO RAD) using SuperSignal West Pico.  Quantification of protein bands was performed using 

Image Lab software (BIO RAD). 

Total RNA purification and qRT-PCR 

RNA was extracted using Trizol reagent (15596-026, Life Technologies), following manufacturer’s 

instructions.  RNA samples were resuspended in DEPC treated water, and their purity and integrity 

analyzed using Agilent TapeStation by the Genomics Research Laboratory at the Biocomplexity 

Institute of Virginia Tech.  Samples were incubated with DNase using an RQ1 DNase Kit (M6101, 

Promega), and cDNA was synthesized using the iScript cDNA Synthesis Kit (170-8891, BIO RAD), 

following manufacturers’ instructions.  Specific gene mRNA expression was analyzed by qRT-PCR 

using PerfeCTa SYBR Green FastMix (95072-012 Quanta BioSciences) in 384 well plates (1438-

4700, USA Scientific).  Plates were thermocycled and scanned to measure fluorescence in a 

QuantStudio 6 Flex machine (Life Technologies), running QuantStudio Real-Time PCR System 

software.  Primers used are listed in Table 2, FW indicates forward primer and RV indicates reverse 

primer. 
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Primer 
Name Sequence (5’ to 3’) 

TBP FW cac gaa cca cgg cac tga tt 

TBP RV ttt tct tgc tgc cag tct gga c 

PER2 FW tga gaa gaa agc tgt ccc tgc cat 

PER2 RV gac gtt tgc tgg gaa ctc gca ttt 

CLOCK FW agt tca gca acc atc tca ggc tca 

CLOCK RV ttg ctg gtg atg tga ctg agg gaa 

CRY2 FW atc att ggt gtg gac tac 

CRY2 RV tct gct tca ttc gtt ca 

BMAL1 FW tca ttc tca ggg cag cag atg gat 

BMAL1 RV gag ctg ctc ctt gac ttt ggc aat 

IREB2 FW tcg atg tat cta aac ttg gca cc 

IREB2 RV gcc atc aca att tcg tac agc ag 

SLC40A1 FW ttg aac atg agc aag agc cta 

SLC40A1 RV agt agg aga ccc atc cat ctc g 

HAMP FW tcc tgc tcc tcc tcc tc 

HAMP RV cag atg ggg aag tgg gtg tc 

FTH1 FW cgc ctc cta cgt tta cct gt 

FTH1 RV cac act cca ttg cat tca gc 

TFRC FW ggc tac ttg ggc tat tgt aaa gg 

TFRC RV cag ttt ctc cga caa ctt tct ct 

TRF FW tga ttg cat cag ggc cat tg 

TRF RV gcc agg taa gca tca tac acc a 
 

Table 2.  List of qRT-PCR primer sequences used. 

 

In vitro iron treatment and quantification of the endogenous iron pool.  

To induce iron overload, ferrous sulfate (FeSO4, S25326, Fisher Scientific) was added to HepG2 cell 

media to a final concentration of 100nM-1 mM, and MEF PER2::LUC cell media had FeSO4 added 

to a final concentration of 1 μM.  Ferrous sulfate was added directly to the DMEM complete growth 
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media (10%FBS) at 37°C to avoid precipitation of the compound.  Intracellular iron was depleted 

from the cells by supplementing the DMEM+10% FBS with up to 15 μM final concentration of 2-

2’-dipyridyl (DP, D216305, Sigma), only supplementing the media with the chelator at 

concentrations which maintained cell viability.  Viability was evaluated by using a MTT Cell Viability 

Assay (KA1606, Abnova).  In order to measure intracellular iron levels, ~5x106 cells were cultured in 

100 mm dishes for 24 h before adding aqueous FeSO4 or DP for either 8h or 48h. Cells were 

harvested and rapidly homogenized at 4°C.  Iron content of lysates was measured using a ferrozine 

based commercially available iron assay kit (MAK025-IKT, Sigma) in a 96 well plate.  This 

colorimetric assay was quantified by measuring absorbance in a spectrophotometer plate reader 

(Molecular Devices SpectraMAX 190). 

 

 

Analyses of ChIP-seq and RNA-seq datasets 

The  ChIP-seq and mRNA-seq datasets utilized in our studies were published by (Koike et. al. 2012) 

and analysis was performed using the UCSC Genome Browser.  Briefly, datasets were generated 

from mice entrained first in Light/Dark (LD)12:12 condition before being switched over to 

DD12:12.  Liver samples from 3-6 mice were collected every 4 h.  For ChIP-seq experiments, 

antibodies directed against BMAL1, CLOCK, PER1, PER2, CRY1, and CRY2 were incubated with 

liver homogenate, before crosslinking and sonication.  Fragmented chromatin was eluted, purified, 

and amplified in order to generate a sequencing library as described [157].  Sequencing was 

performed on an Applied Biosystems SOLid4 or 5500xl instrument and reads were mapped to the 

NCBI m37/mm9 mouse genome (RefSeq ID 165668).  Sequencing depth was adjusted for by down 

sampling among the time points for each antibody.  Liver samples used for whole transcriptome 

mRNA-seq were collected over a 48 h period, and RNA was extracted using Trizol.  Total RNA 
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from 3 mice was pooled for each time point.  Sequencing libraries were constructed and run using 

SOLid sequencing technology, and reads were mapped to the NCBI m37/mm9 mouse genome.  

Read mapping was normalized to reads per kilobase measured (RPKM), and visualized on the UCSC 

Genome Browser (https://genome.ucsc.edu/index.html).  All datasets are published in the Gene 

Expression Omnibus, under accession number GSE39860. 

Nascent-seq datasets were from Menet et. al., 2012.  Briefly, mice acclimated to LD12:12 were 

sacrificed every 4 h, and liver tissue was homogenized and nuclei were isolated.  Total RNA was 

isolated by Trizol extraction, before removal of mRNA using beads to target polyadenylated RNA.  

The remaining nascent RNA was precipitated and prepared into an Illumina sequencing library, and 

sequenced using an Illumina Genome Analyzer.  Reads were mapped to the NCBI mm9 mouse 

genome (RefSeq ID 165668), and deposited in the Gene Expression Omnibus under accession 

number GSE36916. 

For our analysis in UCSC Genome Browser, the deposited BEDGRAPH file for each collection 

time within a series was imported as a custom track.  Track scaling for all tracks within a series was 

dictated by the maximum peak height observed within the gene of interest among those tracks.  The 

UCSC Genes track was selected as the visual representation of validated gene sequences for reads to 

map to.  The Mammal Cons track was utilized to look for regions of conservation among placental 

mammals.  For ChIP-seq datasets, any areas of the gene of interest which displayed binding peaks 

had those regions of the gene sequence searched for E-box motifs [158]. 
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2.3 Results 

The intracellular labile iron pool follows an oscillatory circadian rhythm. 

Initially, we asked whether the intracellular iron concentration varied in cells maintained in 

cell culture.  Specifically, we were interested in the labile pool of ferrous iron that cells maintain for 

incorporation into a multitude of critical enzymes.  It is known that physiological iron parameters 

such as serum iron concentration or transferrin saturation vary in patients throughout the day, yet 

whether this translates in to a change in the intracellular iron remains unclear [123].   Furthermore, 

rather than working in an animal model in which bioavailablity of iron to hepatocytes varies 

according to daily feeding rhythms, we asked whether hepatocytes grown in culture and maintained 

at constant extracellular iron levels would show rhythmic oscillation in intracellular iron simply due 

to circadian synchronization.  HepG2 cells were circadian synchronized, and ferrous iron 

concentration was analyzed as described in Materials and Methods.  Our data show a rhythmic 

change in the size of the labile iron pool maintained by the cells, despite there being no change in 

the amount of iron available to the cells (Figure 1A).  While the amplitude of the labile oscillation 

was low, this is to be expected given the tight regulation of iron concentration required to minimize 

genotoxic effects.  This suggests there is rhythmicity of iron metabolism that is independent of the 

extracellular iron environment.  The observed rhythm in labile iron could be generated by 

oscillations in one or more iron metabolic components responsible or import, storage, or export of 

iron.   

Circadian factors modulate the expression of iron metabolic genes. 

After observing temporal variation in the labile iron pool, we asked whether oscillations were due to 

clock involvement in the expression of iron metabolic genes.  Initially, we monitored the expression 

of IREB2, SLC40A1, and TFRC genes under conditions in which CLOCK, BMAL1, or PER2 were 

overexpressed in HepG2 cells.  These iron regulatory genes were chosen because they are involved 
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in overall iron metabolism, iron export, and iron import respectively.  TRF, HAMP, and FTH1 were 

also measured (Figure S4), however they no change was observed following circadian perturbation 

as seen with IREB2, SLC40A1, and TFRC.  IREB2 and SLC40A1 showed in increase in mRNA 

quantity in response to myc-BMAL1 transfection, while TFRC was largely invariant (Figure 1B).  

Overexpression of PER2 resulted in lowered expression of IREB2, while SLC40A1 and TFRC 

remained unchanged.  PER2 mRNA levels were measured as a control because it is known to be a 

classically controlled circadian gene through E-box binding.  Next, we monitored the expression of 

iron metabolic genes in a background in which PER2 expression was downregulated using siRNA 

(Figure 1C).  In both HepG2 cells as well as AML12 mouse hepatocytes there was a significant 

increase in IREB2, SLC40A1, and TFRC mRNA quantity.  By downregulating PER2 expression we 

inhibit the negative arm of the circadian feedback loop, which should have the same net effect on 

circadian transcriptional regulation as when a positive component such as BMAL1 is overexpressed.  

Therefore, the consistent results we see for IREB2 and SLC40A1 transcription in response to both 

types of circadian manipulation are in agreement with the context of the pathway. 
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Figure 1.  The expression of iron metabolic genes is sensitive to overexpression or repression of core circadian 
components.  A.  Endogenous ferrous intracellular iron was quantified by ferrozine assay (Sigma) in HepG2 cells 
circadian synchronized by a 2h incubation with 50% FBS.  Results represent biological triplicates, each replicate 
comprised of 2x106 cells.  The assay was quantified in a plate reader at 593 nm, and results were normalized to the 0h 
timepoint.  B.  HepG2 cells were transfected with pCS2+FLAG-CLOCK, pCS2+myc-BMAL1, pCS2+FLAG-PER2, or  
empty vector using Lipofectamine LTX Plus as described in Materials and Methods.  Cells were harvested 24h after 
transfection.  Expression of IREB2, SLC40A1, and TFRC was analyzed by qRT-PCR.  PER2 was used as a control.     
C.  HepG2 and AML12 cells were transfected with siRNA targeting PER2 using Dharmafect.  Iron metabolic gene 
expression was quantified by qRT-PCR for HepG2 cells, and by microarray (Affymatrix) for AML12 cells.  Significant 
changes in expression were determined by t-test.  *p ≤ 0.05; ** p ≤ 0.005; *** p ≤ 0.001 
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Figure S4.  The expression of TRF, FTH1, and HAMP  in HepG2 cells with altered clock gene expression.   

A.  HepG2 cells were transfected with pCS2+FLAG-CLOCK, pCS2+myc-BMAL1, pCS2+FLAG-PER2, or pCS2+ 

empty vector using Lipofectamine LTX Plus.  Expression of TRF, HAMP, and FTH1 was analyzed by qRT-PCR.        

B.  HepG2 and AML12 cells were treated with siPER2 in order to knockdown PER2 expression.  Expression of TRF, 

FTH1, and HAMP was analyzed by qRT-PCR in HEPG2 cells and by microarray in AML12 cells.  Significance was 

determined by t-test.  *p ≤ 0.05; ** p ≤ 0.005; *** p ≤ 0.001 
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Rhythmicity of TFRC expression is generated post-transcriptionally and is dependent on 

the cellular iron status 

Because we previously measured changes in TFRC expression due to altered levels of 

BMAL1, we hypothesized that there may be circadian rhythmicity of the transcript, we therefore 

measured the latter’s expression in a 48 h time course experiment using qRT-PCR (Figure 2A).  We 

observed that TFRC oscillates with a circadian rhythm in untreated cells.  Interestingly, when ferrous 

sulfate (30uM final concentration) is added to the media the level of transcription in several genes 

related to the iron metabolic pathway was affected.  TFRC transcription is strongly repressed in 

order to limit the influx of extracellular iron. By supplementing the media with ferrous sulfate, we 

can increase the intracellular iron concentration (Figure S1C); the observed downregulation of TFRC 

confirms that our hepatocytes are able to modulate transferrin internalization in response to 

environmental surges in available iron.   

Next, asked whether the observed rhythm in TFRC expression was mediated by binding of 

clock components to the gene’s regulatory region.  We analyzed clock factor binding to TFRC, and 

identified circadian protein binding near the transcription start site by BMAL1, CLOCK, PER2, 

CRY1, and CRY2 (Figure 2B).  This binding showed rhythmicity, with positive clock components 

BMAL1 and CLOCK binding peaking between CT0 and CT8, while binding by the negative clock 

components PER2 and CRY2 was maximal from CT16 to CT20.  Binding by these circadian clock 

proteins does not necessarily mean that they are driving rhythmicity of transcription, therefore we 

turned to the nascent-seq dataset to quantify de novo TFRC transcription over time (Figure 2C).  

Surprisingly, the rhythmic protein binding by CLOCK and BMAL1 observed in Figure 2A did not 

lead to rhythms in transcription of TFRC, suggesting factors other than clock components need to 

be recruited by the core complex to trigger circadian transcription.  Having already observed that 

our qRT-PCR data suggests a rhythm in TFRC mRNA, we sought to verify our findings by 
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analyzing the mouse liver transcriptome.  Here, as in our synchronized HepG2 cells, TFRC mRNA 

displayed an oscillation, peaking ~CT12.  This data together indicates that although there is robust 

binding of circadian clock factors to the TFRC gene, rhythms in TFRC expression are generated at 

the post-transcriptional level. 

 

 

Figure 2.  Circadian oscillations in TFRC expression are not generated by rhythmic de novo transcription.  
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Figure 2.  Circadian oscillations in TFRC expression are not generated by rhythmic de novo transcription.    A.  
HepG2 cells were treated with FeSO4 for 8h prior to synchronization with dexamethasone (100nM).  Cells were then 
maintained in serum free media that contained FeSO4 in the case of treated cells, and collected at the times indicated.  
Expression of TFRC was quantified by qRT-PCR, normalizing within each treatment group to the -2h timepoint.  
Between treatment groups, the +Fe2+ and +2,2’-DP groups were normalized to the untreated group using the ΔCT 
values of TFRC in each -2h timepoint and using this normalization factor from the unsynchronized cells to properly 
represent the comparative expression of TFRC between the time series.  B-D.  Figures generated from dataset deposited 
by (Menet et. al., 2012) and (Koike et. al., 2012).  B.  ChIP-seq data was used to analyze circadian protein binding to 
TFRC.  Liver samples were taken from entrained mice maintained in D:D 12:12 from CT0 to CT20.  Knockout mice 
which did not express circadian gene of interest were included as a control.  Mouse liver homogenate was incubated with 
antibodies directed against the indicated circadian proteins before crosslinking, and the resulting isolated chromatin was 
amplified and SOLiD sequenced, before reads were mapped to the mouse genome (NCBI m37/mm9).  Circadian 
protein binding to TFRC, occurs predominantly near the transcription start site.  C.  Nascent RNA was isolated from 
mouse liver, from animals housed in LD 12:12.  Purified nascent RNA was used to generate Illumina libraries, 
sequenced using an Illumina Genome Analyzer.  Sequences were aligned to the mouse genome (UCSC mm9), and 
analyzed using UCSC Genome Browser.  Transcription of TFRC is nonrhythmic, D.  mRNA was isolated from the 
livers of entrained mice maintained in DD 12:12, collected every 4h from CT0 to CT44.  Sequencing libraries were 
constructed using SOLiD Total RNA-seq Kit, and sequencing was run on an ABI SOLiD4 instrument.  Sequences were 
aligned to the mouse genome (UCSC mm9) and analyzed on UCSC Genome Browser.  TFRC mRNA is rhythmic in 
contrast to the nascent RNA data. 
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Figure S1.  Intracellular iron concentration can be manipulated while maintaining cell viability.  A.  Treatment 

of HepG2 Cells with FeSO4 (1mM) or 2,2’-DP (1.5uM, 15uM) does not noticeable impact cellular viability, measured by 

MTT assay (Abnova).  Saponin (0.1%) was used as a control.  Treatment of HepG2 cells with 2,2’-DP (150uM) did have 

a detrimental impact on viability, and therefore 15uM was chosen to treat cells in all relevant experiments.  Chemicals 

were added directly to the media for 48h prior to viability assay.  B.  MEF PER2::LUC cells were treated with either 

FeSO4 (0.1 μM, 1 μM, 10 μM) or 2,2’-DP (0.15 μM, 1.5 μM, 15 μM) for 48h prior to viability analysis by MTT assay.  C.  

HepG2 cells were treated with FeSO4 (0.1 μM, 1 μM, 10 μM, 1mM), and increase in intracellular iron relative to 

untreated controls was measured using a ferrozine based assay (Sigma).  Significance was calculated using t-tests.           

*p ≤ 0.05; ** p ≤ 0.005; *** p ≤ 0.001  D.  HepG2 cells were treated with 2-2’-DP (1.5 μM, 15μM), and intracellular 

ferrous iron was measured as described in Materials and Methods.   

 

IRP2 circadian rhythmicity is dampened by iron overload. 

 We hypothesized that rhythms in TFRC transcript levels were being generated post-

transcriptionally. Therefore we tested whether the expression of IRP2 exhibits a circadian variation.  
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By modulating TFRC and other iron metabolic post-transcriptional events IRP2 functions as a 

master regulator of intracellular iron concentration, therefore we chose to examine whether there 

were oscillations in IREB2 mRNA and its product IRP2 protein[74].  To determine whether the 

observed rhythms in IRP2 protein were due to changes in mRNA levels, we analyzed IREB2 mRNA 

rhythms by qRT-PCR (Figure 3A).  These results indicate that the transcription of the gene varies 

over time, but not in a manner that conforms to a significant circadian rhythm over the 48h of 

collection (Figure 3A, Figure S2).   

In both control and iron-treated cells there was a strong induction of IREB2 expression 

during the last 12 h, that may have obscured any detectable rhythm in the transcript.  IREB2 

transcription is upregulated in proliferating cells, and due to the nature of the time course 

experiment initial seeding density is low, therefore the final 12 h of collection may have taken place 

when cellular confluence is optimal for proliferation, and therefore IREB2 is transcribed to enhance 

intracellular iron concentration [159].  Iron depletion by chelators is known to inhibit proliferation, 

and therefore may explain why the induction of IREB2 after t=36 h is not seen in our 2-2’-DP 

treated cells [160].  Increased IREB2 mRNA levels in the overloaded cells did not correlate with an 

increase in IRP2 protein (Figure 3C).  Overall levels of IREB2 mRNA are lower in chelated cells 

compared to control (Figure 3A), and peak protein levels at t=20h decreased by close to 50% as 

quantified by Western blot signal intensity (Figure 3C).  MetaCycle analysis of IREB2 mRNA 

rhythms showed that iron overload has a more noticeable effect on IREB2 mRNA (Figure 3B).  The 

phase is delayed by over 9 h, and the period of oscillation was shorter by almost 4 h.  In cells grown 

in chelator-treated media, once again phase is the most sensitive rhythmic parameter calculated, with 

a phase delay in IREB2 mRNA.  This sensitivity of phase to iron status is logical if iron is acting as a 

secondary entrainment signal for the circadian clock in the liver.  In animals, phase of the clock in 

the liver can be controlled by feeding entirely independently of light patterns or the SCN [5], and 
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iron is one of many metabolites taken in during feeding which may serve as inputs to the liver clock.  

Because feeding is a behavior which occurs with 24 h patterns, using nutritional inputs to orient the 

phase of the clock in the liver to times when metabolic demand are highest while keeping the 24 h 

period in the liver consistent with global circadian behavior best allows for synchrony of liver 

physiology with an organism’s behavior. 

IRP2 protein showed circadian rhythmicity (p-value: 1.8E-10, Figure S3) in synchronized 

HepG2 cells which did not receive any treatment relating to iron availability (Figure 3C).  This result 

alone could be sufficient to explain the observed rhythms in intracellular iron concentration.  Like 

the observed downregulation of PER2 protein in cells treated with ferrous sulfate, IRP2 also showed 

decreased expression in iron overloaded cells, and ablation of detectable rhythmicity (Figure 3C, 

Figure S3).  This is consistent with the literature on proteosome mediated degradation of IRP2 in 

cells cultured with 400ug/ml ferric ammonium citrate, an iron additive [161].  In aqueous media, 

iron is primarily present to the ferric state regardless of the oxidative state it is added as, so the use 

of ferric ammonium citrate is not functionally different from our use of ferrous sulfate [162].  In 

iron depleted cells treated with 2-2’-DP, there was a shortening of the period and phase advance of 

IRP2 rhythms according to MetaCycle analysis (Figure 3D).  MetaCycle indicated a shortening of the 

period by over 4 h in overloaded cells, however such rhythmic parameters are very difficult to 

quantify due to IRP2 protein levels being downregulated 4-fold, with an amplitude 31 times lower 

than untreated cells (Figure 3C, Figure S3).  Downregulation of IRP2 during iron overload is 

expected because IRP2 functions to synergistically regulate other iron metabolic mRNAs and raise 

the intracellular iron concentration.  Under conditions of extreme iron overload, the repression of 

IRP2 would be more important than maintaining typical daily fluctuations in expression.   We 

speculate this is an attempt to restore homeostasis to the cell, which is what we see in Figure 3C. 
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 If IRP2 were causing rhythmicity of TFRC mRNA by positively regulating transcript 

stability, we would expect for peaks of IRP2 protein to coincide of TFRC mRNA, and indeed this is 

exactly what we observe.  The oscillations are in phase with peaks ~0 h and 24 h, strongly suggesting 

that post-transcriptional rhythm generation in TFRC is due to rhythmic binding by IRP2. 

 

 

Figure 3.  Expression of iron metabolism regulator IRP2 in circadian synchronized HepG2 cells which have 
compromised iron status.  A.  HepG2 cells were treated with FeSO4 (1mM) or 2,2’-DP (15uM) for 8h before 
synchronization with dexamethasone (100nM, t=-2).  Cells were then collected every 4h for 48h, and mRNA expression 
of IREB2 was quantified by qRT-PCR.  The -2h timepoint was used to normalize relative expression levels between 
treated groups and the untreated cells.  B.  Analysis of period, phase, and amplitude of mRNA rhythms was performed 
using MetaCycle.  Phase is indicated by the direction of the arrow, and normalized amplitude by the length of the arrow 
as indicated on the graph’s scale.  C.  Following 48h incubation with either FeSO4 or 2,2’-DP, HepG2 cells were 
synchronized by 2h serum shock (FBS, 50%).  Cells were collected every 4h for 24h, and lysates were resolved by SDS-
PAGE and analyzed by immunoblotting using α-IREB2 antibody.  α-tubulin was used as a loading control.  Protein 
levels were quantified by densitometry using ImageJ software.  Quantification of IRP2 was normalized to tubulin, and 
the -2h timepoint was used to calculate relative protein amounts between FeSO4 or 2,2’-DP treated groups and 
untreated.  Multiple exposures of each blot were used to calculate standard deviation of the densitometry signal.  D.  
Analysis of the period, phase and amplitude of the protein rhythms observed in (C.) was performed using MetaCycle, by 
integrating the ARSER, JTK-Cycle, and Lomb-Scargle methods with Fisher’s method for integration of p-values.  Phase 
is indicated by the direction of the arrow, and amplitude corresponds to the length of the arrow.  Untreated is shown in 
grey, +Fe2+ in red, and +2-2’-DP in green. 
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Figure S2.  MetaCycle analysis of PER2 and IREB2 mRNA levels in synchronized HepG2 cells.  MetaCycle is a 

freely available statistics package run in R. language which enables analysis of circadian rhythms.  The MetaCycle2D 

algorithm was applied to qRT-PCR quantification of PER2 and IREB2 mRNA in synchronized HepG2 cells.  Cells were 

treated with either FeSO4 (1mM) or 2,2’-DP (15uM), and compared to untreated control.  MetaCycle calculates circadian 

properties by integrating the ARSER, JTK-Cycle, and Lomb-Scargle methods with Fisher’s method for integration of p-

values. 

 

 

Figure S3.  MetaCycle analysis of PER2 and IREB2 protein levels in synchronized HepG2 cells.  MetaCycle is a 

freely available statistics package run in R. language which enables analysis of circadian rhythms.  The MetaCycle2D 

algorithm was applied to densitometry quantification of immunoblotting by α-PER2 and α-IREB2 antibodies for a 24h 

timecourse in HepG2 cells.  Cells were treated with either FeSO4 (1mM) or 2,2’-DP (15uM), and compared to untreated 

control. MetaCycle calculates circadian properties by integrating the ARSER, JTK-Cycle, and Lomb-Scargle methods 

with Fisher’s method for integration of p-values. 

 

The iron exporter SLC40A1 is transcriptionally regulated by circadian factors. 

 In addition to the observed effect of TFRC, rhythms in intracellular labile iron can be 

generated by varying the rate of iron export throughout the day.  Because iron is exported from the 

mammalian cell by a single known protein, ferroportin, we decided to study the expression of 

SLC40A1, the gene encoding ferroportin.  In untreated synchronized HepG2 cells, SLC40A1 



43 
 

mRNA was oscillatory, and this oscillation was also observed in cells which were under iron 

overload (Figure 4A).  Unlike TFRC, which was downregulated under iron overload, the expression 

of SLC40A1 increased over 5 fold in response to iron treatment, highlighting the importance of this 

factor in maintaining iron homeostasis (Figure 4A).  The fact that apparent circadian variation 

persists in iron overloaded cells suggests that the circadian clock and iron metabolic pathways can 

work in parallel to regulate gene expression (Figure 4A).  

 As with TFRC, we analyzed patterns of circadian protein binding to the SLC40A1 regulatory 

region (Figure 4B).  Unlike the robust patterns of circadian protein binding to TFRC observed in 

Figure 2B, only CRY1 and CRY2 were detected bound to SLC40A1, suggesting a lack of 

CLOCK:BMAL1 driven transcription, however it does not rule out circadian involvement entirely.  

In fact, when we observe nascent RNA levels in mouse liver, we see a robust rhythm peaking 

sharply at CT8 (Figure 4C).  This is in phase with the nascent RNA oscillation of DBP, a classical 

example of circadian transcriptional targets (Figure S5).  This finding prompted us to evaluate 

whether the oscillation of SLC40A1 mRNA expression was maintained.  Surprisingly, we found that 

rhythmicity was largely lost in the mature transcript compared to the immature transcript, with a 

slight peak ~CT12-CT16 dampened compared to the sharp peak of expression at ZT8h observed in 

the nascent RNA (Figure 4D).  As with TFRC, IRP2 acts upon SLC40A1 mRNAs, however rather 

than enhancing mRNA stability IRP2 acts to block SLC40A1 translation therefore it is likely that a 

different mechanism is responsible for obscuring rhythmicity in SLC40A1.  Figure 4E is a schematic 

summarizing the differences observed between TFRC and SLC40A1 with regards to transcriptional 

and post-transcriptional regulation by the clock.  The observed patterns in circadian protein binding 

also seem to contradict the transcriptomics data at first, as TFRC was bound by many circadian 

proteins yet it is SLC40A1 which shows rhythmic de novo transcription.  However, if there were 

direct transcriptional regulation of these iron metabolic genes by the circadian clock, we could 
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expect there to be E-box cis-elements proximal to the transcription start site, yet we do not observe 

these elements within ~5 kb of the transcription start site in any of the iron metabolic genes 

analyzed.  This does not mean that there is no transcriptional regulation by the circadian clock, it 

simply means regulation of iron metabolism might occur through the binding of additional 

transcription factors.  Our understanding of global circadian regulation is decreasingly reliant on 

direct transcriptional activity by CLOCK:BMAL1, and these two iron metabolic genes seem to fall 

into different categories of circadian regulation, as well as being modulated differently by IRP2 

which is itself rhythmic. 
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Figure 4.  Transcriptional rhythms of SLC40A1 are minimized by post-transcriptional effects.  A.  HepG2 cells 

were treated with FeSO4 for 8h prior to synchronization with dexamethasone (100nM).  Cells were then maintained in 

serum free media that contained FeSO4 in the case of treated cells, and collected at the times indicated.  Expression of 

SLC40A1 was quantified by qRT-PCR, normalizing within each treatment group to the -2h timepoint.  Between 

treatment groups, the +Fe2+ and +2,2’-DP groups were normalized to the untreated group using the ΔCT values of 

SLC40A1 in each -2h timepoint and using this normalization factor from the unsynchronized cells to properly represent 

the comparative expression of SLC40A1 between the time series.  B-D.  Figures generated from dataset deposited by 

(Menet et. al., 2012) and (Koike et. al., 2012).  B.  ChIP-seq data was used to analyze circadian protein binding to 

SLC40A1.  Liver samples were taken from entrained mice maintained in D:D 12:12 from CT0 to CT20.  Knockout mice 

which did not express circadian gene of interest were included as a control.  Mouse liver homogenate was incubated with 

antibodies directed against the indicated circadian proteins before crosslinking, and the resulting isolated chromatin was 

amplified and SOLiD sequenced, before reads were mapped to the mouse genome (NCBI m37/mm9).  Analysis of 

SLC40A1 shows only binding by CRY1/2  in mouse liver.  C.  Nascent RNA was isolated from mouse liver, from 

animals housed in LD 12:12.  Purified nascent RNA was used to generate Illumina libraries, sequenced using an Illumina 

Genome Analyzer.  Sequences were aligned to the mouse genome (UCSC mm9), and analyzed using UCSC Genome 

Browser.  Transcription of SLC40A1 shows a rhythmic de novo transcription, with a peak at ZT8.  D.  mRNA was 

isolated from the livers of entrained mice maintained in DD 12:12, collected every 4h from CT0 to CT44.  Sequencing 

libraries were constructed using SOLiD Total RNA-seq Kit, and sequencing was run on an ABI SOLiD4 instrument.  

Sequences were aligned to the mouse genome (UCSC mm9) and analyzed on UCSC Genome Browser.  SLC40A1 

mRNA no longer displays the robust oscillation observed in the nascent RNA data.  E.  Schematic showing the different 

stages at which TFRC and SLC40A1 transcription is regulated by the circadian clock in mouse liver. 
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Figure S5.  Genome wide cistrome and transcriptome analysis reveals variation in iron metabolic gene 

transcriptional regulation. 

 

 

 



47 
 

Figure S5.  Genome wide cistrome and transcriptome analysis reveals variation in iron metabolic gene 

transcriptional regulation.  Figures generated from dataset deposited by (Menet et. al., 2012) and (Koike et. al., 2012).  

ChIP-seq data was used to analyze circadian protein binding to DBP (Top).  Liver samples were taken from entrained 

mice maintained in D:D 12:12 from CT0 to CT20.  Knockout mice which did not express circadian gene of interest 

were included as a control.  Mouse liver homogenate was incubated with antibodies directed against the indicated 

circadian proteins before crosslinking, and the resulting isolated chromatin was amplified and SOLiD sequenced, before 

reads were mapped to the mouse genome (NCBI m37/mm9).  DBP is shown as a classical example of circadian 

transcription factor binding activity.  Nascent RNA was isolated from mouse liver, from animals housed in LD 12:12.  

Purified nascent RNA was used to generate Illumina libraries, sequenced using an Illumina Genome Analyzer.  

Sequences were aligned to the mouse genome (UCSC mm9), and analyzed using UCSC Genome Browser (Middle).    

DPB is shown as an example of a classical clock-controlled gene, with high amplitude rhythmicity in nascent 

transcription.  mRNA was isolated from the livers of entrained mice maintained in DD 12:12, collected every 4h from 

CT0 to CT44.  Sequencing libraries were constructed using SOLiD Total RNA-seq Kit, and sequencing was run on an 

ABI SOLiD4 instrument.  Sequences were aligned to the mouse genome (UCSC mm9) and analyzed on UCSC Genome 

Browser (Bottom).  DBP is shown as an example of a classical clock-controlled gene, showing high amplitude 

rhythmicity in mRNA quantity within mouse liver. 

 

siRNA knockout of PER2 diminishes the ability of HepG2 to respond to acute iron influx. 

We next investigated the role of the circadian clock in the acute response to iron overload, as 

this reflects the physiological response to feeding.   We devised an experiment where a sudden influx 

of iron was used to challenge HepG2 cells in which PER2’s expression was downregulated by 

siRNA transfection (Figure 5).  Cells were treated with 1mM ferrous sulfate at t=0h, and cells in this 

iron rich media were harvested every hour for the first 6 h in order to observe an immediate 

transcriptional response of the key iron metabolic genes TFRC, IREB2, and SLC40A1.  Further 

collections at later time-points allowed us to see if the immediate transcriptional response was 

maintained for multiple days in a high iron media.   

Our findings show a response in iron metabolic gene expression within 1 h to of increased 

iron availability, with an increase in TFRC mRNA levels.  However, within 2 h the intracellular iron 

concentration had reached a plateau with a concentration 4-fold the initial value (Figure 5 inset), and 

by this point the expression of TFRC had begun to decrease. By 6 h after iron addition the transcript 

was barely detectable.  IREB2 expression showed an acute response of 2 fold increase in mRNA 

levels 1 h after iron addition; however by 24h after iron addition expression had increased 4 fold.  
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Interestingly, we saw transcriptional upregulation of IREB2 more than 24 h after iron treatment in 

Figure 3A as well, where IREB2 expression increased almost 3 fold after 36 h.  In that time course 

we did not observe a corresponding increase in IRP2 protein, so it is unclear if the delayed increase 

in IREB2 transcription is specifically involved in regulation of cellular response to acute iron influx.  

Alternatively, the expression of SLC40A1 steadily increased over the first 6 h, in what we speculate 

is the result of an attempt by the cell to export the massive excess of iron. 

 HepG2 cells in which PER2 was downregulated by siRNA did not follow the same pattern 

of transcriptional response to iron influx, indicating that PER2 plays a role in the ability of 

hepatocytes to form an acute response to iron challenge.  There was still a gradual increase in 

SLC40A1 expression, but the initial immediate response by the transferrin receptor was not present, 

nor was the eventual upregulation of IREB2.  We have already seen the clock play a role in the 

expression of IRP2, TFRC, and SLC40A1, and Figure 5 suggests that rapid adjustment to changes 

in iron is impaired in cells with a deficient clock.  Because mammals receive iron almost entirely 

from dietary consumption, it is paramount that iron metabolism is able to rapidly respond to 

availability of iron in the duodenum, and eventually the bloodstream.  One study showed that serum 

iron increased almost 13 µg/dl in individuals who ate breakfast versus those who fasted [163].  Our 

findings here indicate that this ability may be hindered in organisms with clock impairment. 
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Figure 5.  Cellular response to acute iron influx is minimized in cells with downregulated PER2. 

A.  HepG2 cells were transfected with siRNA to knockdown PER2 expression, as described in materials and methods.  

48h after transfection, cells were dosed with FeSO4 (1mM), and collected at timepoints indicated.  Ferrous iron 

concentration was measured as described in Materials and Methods for cells expressing endogenous PER2 (inset).  

Expression of SLC40A1, TFRC, and IREB2 was quantified using qRT-PCR.  Within each data series, expression is 

normalized to the -2h timepoint. 
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2.4 Discussion 

Our study sought to determine molecular mechanisms by which iron metabolism may be 

regulated by the circadian clock.  While there is an increasing body of knowledge on the extent of 

circadian regulation of physiological processes, very little work has been done on iron metabolism 

and the clock[164].  First, we demonstrated that outside of any environmental fluctuations, the 

intracellular labile iron pool oscillates in tune with the circadian rhythm of the cell (Figure 1).  While 

clinical studies have been done on the daily variance in circulating iron metrics such as serum iron 

concentration and transferrin saturation, only recently has a study demonstrated daily rhythmic 

changes in intracellular iron in tumors implanted in mice [78, 123, 128].  One of the drawbacks of 

this approach in mice is that the intracellular iron concentration cannot be disconnected from the 

cycling of available iron due to the animal’s feeding pattern and thus, an accurate representation of 

the molecular landscape regulated by the clock in response to iron overload cannot be achieved.  

Our result demonstrates that by providing a stable source of extracellular iron via the media, 

synchronized hepatocytes still demonstrate rhythmic fluctuation in intracellular iron concentration.   

We hypothesize that the levels of intracellular iron fluctuate because many of the cellular 

processes that incorporate iron into key enzymes frequently occur with circadian rhythms, and 

therefore the availability of iron in the cell is modulated by rhythmic iron metabolic components 

according to this fluctuation in demand.  The most well studied example of this is the rate limiting 

enzyme of DNA synthesis, ribonucleotide reductase M (RRM) which utilizes a differic iron core  

[138]. Its abundance oscillates with a peak at the beginning of subjective dark phase.  In addition to 

RRM, iron is critical for additional enzymes controlling DNA synthesis such as DNA primase [165].  

During the subjective dark there are also peaks of DNA repair pathways, involving iron-sulfur 

cluster-dependent enzymes such as mutY-homolog (MUTYH) [133, 140].  One of these pathways 

which demonstrates rhythmicity is the nucleotide excision repair pathway, which is involved in 
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oxidative damage such as that caused by excess iron [140].  The overall timing of S-phase is also 

regulated by the circadian clock, in rodents DNA synthesis occurs primarily in the night during early 

active phase [137, 156].  This is shortly after the peak of PER2 expression in mouse peripheral 

clocks [34].  We observed intracellular iron oscillations to be in phase with PER2 transcriptional 

rhythms (Figure 1,6), suggesting that times of peak intracellular iron may coincide with the highest 

demand for iron to be incorporated into necessary enzymes. 

We observed that contributing to this rhythm in intracellular iron there are transcriptional 

and posttranscriptional regulatory rhythms in key iron metabolic components (Figure 2 and 4).  

Other studies have posited that rhythmic TFRC mRNA results from post-transcriptional regulation 

by IRP2 [127, 128].  Our analysis of the transcriptome complements these studies, showing 

rhythmicity only at the level of the mature transcript.  IRP2 protein post-transcriptionally  regulates 

multiple iron regulatory gene transcripts, and therefore intracellular iron rhythms may not be solely 

due to TFRC fluctuations [74].  While we observe circadian rhythms in the nascent transcript of 

SLC40A1, the observed rhythms in IRP2 do not seem to derive exclusively from rhythmic 

transcription of IREB2.  Because the degradation rate of IRP2 is iron dependent [161], this may be a 

key node in the interaction between these two pathways, with both iron status and circadian timing 

playing a role in the accumulation of IRP2 protein [161].  While it was long thought that circadian 

regulation was modulated by transcription factor activity, there are an increasing number of studies 

indicating that this is an oversimplification, and in fact rhythmic expression in the genome is due to 

multiple layers of transcriptional and post-transcriptional effects [166, 167].  Our analysis of the 

cistrome and transcriptome in regards to circadian regulation of iron metabolism supports this view, 

with TFRC and SLC40A1 demonstrating rhythmicity at the mRNA and nascent transcript levels, 

respectively (Figure 4).  Genome wide analysis have found that circadian rhythms of transcription 
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are only responsible for around 22% of cycling mRNAs, and our finding place TFRC in the category 

of mRNAs whose rhythmicity is generated by post-transcriptional events[166].   

We also consider the hierarchical nature of iron metabolic component regulation. While 

previous studies have solely looked at the role of the circadian clock on iron metabolism gene 

expression, they neglect to look at how that regulation changes when the iron status of the cell is 

disrupted [127, 128].  We show that iron status has a pronounced effect on overall expression of 

iron metabolic genes by upregulating SLC40A1 mRNA and downregulating TFRC mRNA as well 

as IRP2 protein levels (Figure 2-4).  Because the IRE binding activity of IRP2 enhances TFRC 

mRNA stability, the downregulation of observed TFRC in iron overloaded cells can be attributed to 

the loss of IRP2 protein.  While MetaCycle analysis of our qRT-PCR data did not find significant 

rhythmicity of SLC40A1, and our UCSC Genome Browser analysis of mouse liver showed 

rhythmicity in SLC40A1 to occur primarily at the level of the nascent transcript, in both datasets the 

mRNA does seem to exhibit variation over the day.  In our time course experiment, the timing of 

these variations was consistent between untreated and iron treated cells, despite the overall 

SLC40A1 expression levels being five-fold higher during iron overload.  This suggests that these 

two pathways simultaneously regulate expression of iron metabolic components, but that in 

conditions of iron overload cellular demand to return to iron homeostasis has a larger effect on iron 

metabolic gene expression than the clock does.  During conditions of iron homeostasis, the 

regulation of iron metabolic components by the circadian clock still allows for smaller daily 

fluctuations in iron to accommodate rhythms in iron demand from the cell (Diagram 3). 
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Diagram 3:  An overview of modulation of iron metabolic components by the circadian clock.   
Rhythmic transcriptional regulation by the circadian clock leads to variable transcription of SLC40A1, as well as 
rhythmic post-transcriptional regulation of IREB2 via PER2.  Rhythmic IRP2 goes on to further regulate the 
translational rate of SLC40A1 and the mRNA stability of TFRC, leading ultimately to oscillations in the concentration 
of the labile iron pool.  The iron-sensitive nature of IRP2 ensures that this system remains sensitive to overall iron 
homeostasis. 

 

The concept of the circadian clock priming a metabolic system has been discussed with 

regards to glucose metabolism, and we found evidence that a functional circadian clock may 

facilitate the iron metabolic pathway’s response to surges in iron supply (Figure 3).  Increases in daily 

glucose uptake by cells occurs simultaneously with daily increases in serum glucose concentration 

prior to the beginning of the active period, and the clock plays a role in the liver’s ability to respond 

to sudden glucose rises [168].  Insulin response to an oral glucose load in humans as well as rats was 

dependent on the time of day, and clock deficient animals in the form of SCN lesion lost these 

functional fluctuations [169-171].  We observed deficient response of the iron metabolic pathway in 

response to iron challenge in cells which had an impaired clock (Figure 3), it is possible the rate of 

iron loading in the cells is dependent on circadian phase since we observed that expression of IRP2, 

the master regulator of iron homeostasis, is in phase with PER2 (Figure 2).   Glucose and iron are 
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both acquired through feeding behavior.  As in the case of glucose, it seems reasonable to 

hypothesize that the circadian clock may prime the iron metabolic pathways to maximize the 

potential benefit from rhythmic iron availability. 
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Chapter 3: Relevance of the endogenous labile pool of iron in expression of circadian genes 

and clock resetting. 

 

3.1 Introduction 

  While the regulation of metabolism by the circadian clock is being elucidated, researchers 

are becoming increasingly aware of the ways aspects of metabolism in turn provide feedback to the 

clock.  Shifting the feeding time in mice can induce a phase shift in the clock of the liver after only 2 

days, and restricting the time of food intake is sufficient to restore rhythmicity to a large proportion 

of genes in the liver of clock-deficient mice [15, 172].  Just the single macronutrient of glucose was 

sufficient to shift the timing of wheel running behavior in rats with lesions of the SCN [173].  

Interestingly, this study found that nutrients from the fatty calorie source of vegetable oil were 

unable to generate the same response, possibly due to their longer absorption time than a simple 

sugar [173].  Much of the connection between energy levels and the circadian clock revolves around 

the rhythmic accumulation of NAD+ and it’s modulation of enzyme functionality [174].  One such 

enzyme is sirtuin 1 (SIRT1), an NAD+ dependent histone deacetylase which is active during fasting 

when NAD+ levels are high [175].  Energy production during glycolysis depletes NAD+ by 

converting it to NADH, and therefore SIRT1 is rendered inactive [174].  Interestingly, SIRT1 

functions antagonistically to the histone acetyltransferase activity of CLOCK, modulating circadian 

chromatin remodeling [176].  Therefore, enzymatic activity of SIRT1 on the clock is mediated by a 

metabolite which is rhythmically present, demonstrating that the interaction between the circadian 

clock and metabolism is bidirectional.  To complete the feedback loop, it was discovered that the 

rate limiting enzyme in NAD+ synthesis, nicotinamide phosphoribosyltransferase (NAMPT), is a 

direct target of CLOCK:BMAL1 heterodimer [177].  This rhythmic oscillation of NAD+/NADH 

metabolism results in rhythmic activity of not just SIRT1.  Poly(ADP-ribose) polymerase 1 (PARP-
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1) activity is circadian despite lacking rhythms in protein abundance, due to its enzymatic 

dependence on NAD+ [178].  PARP-1 actually recognizes CLOCK as one of its targets, controlling the 

DNA binding affinity of CLOCK:BMAL1 [174, 178].  Another connection between metabolic 

control and the circadian clock is the peroxisome proliferator-activated receptor gamma coactivator 

1-alpha (PGC-1α) [174].   PGC-1α regulates gluconeogenesis and glycolysis, however it also 

functions similar to RORα to enhance BMAL1 transcription, and PGC-1α knockout mice display 

impaired circadian rhythms of O2 consumption [179]. 

 Heme synthesis and activity is another link between metabolism and the circadian clock.  

Heme is required for complex formation between REV-ERBα and nuclear receptor corepressor 1 

(NCOR), which exerts negative feedback on the circadian clock [134].  Additionally, gluconeogenesis 

in the liver is impacted by heme synthesis due to changes in clock function [134].  In addition to 

REV-ERBα, heme has been linked to degradation of PER2, and this effect may be tissue specific 

[121, 122].  The binding of heme to PER2 is through a redox sensitive motif on the C-terminus of 

PER2, resulting in loss of binding to CRY, and subsequently enhanced rates of degradation [121]. 

There is some evidence that circadian stability is challenged in conditions where iron 

homeostasis is impaired.  Rats fed an iron free diet displayed antiphasic circadian physiology and 

behavioral rhythms compared to controls, both body temperature and motor activity were antiphasic 

to rats fed with a normal dietary iron [126].   

Restless leg syndrome (RLS) is a neurological condition in which the symptoms manifest 

themselves during the resting period, disrupting sleep cycles.  Restless leg syndrome has been 

associated with iron deprivation, and a mouse model of RLS was found to have disrupted circadian 

periods of activity and rest when undergoing dietary iron deprivation [125].  Because impaired iron 

homeostasis is so prevalent, especially among the elderly, it is important to learn how these 

irregularities in iron may be affecting the circadian clock. 
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3.2 Materials and Methods 

Cell culture 

Mouse embryonic fibroblasts (MEF) expressing a PER2::Luciferase fusion protein (MEF 

PER2::LUC) cells were a gift from Dr. Shihoko Kojima (Virginia Tech University) and cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM, MT-10-013-CV, Corning) supplemented with 10% 

FBS (35-010-CV Corning), 50 units/ml penicillin, and 50 units/ml streptomycin.  All cells were 

maintained at 37°C in an incubator which is injected with CO2 to a 5% (v/v) final concentration.   

Live cell luminescence recording and data analyses 

MEF PER2::LUC cells that were used in luminescence recording were grown as described above, to 

100% confluence in 35mm dishes (627 160, CellStar).  Circadian synchronization was performed by 

treatment with 100 ng/ml dexamethasone for 2 h at 37°C.  Following synchronization media was 

replaced with DMEM without phenol red (17-205-CV, Corning), supplemented with 2% (v/v) FBS 

and 0.05 mM luciferin (L-8240, BioSynth).  Dishes were then sealed with glass coverslips using a 

layer of grease on the rim of the dish, and placed in the lumicycle.  Luminescence was recorded by 

Lumicycle data collection software for at least 5 days, and recordings were processed using the 

Lumicycle software and JMP.  The function used for data modeling is as described in [180]: 

y = l+mt+nt2+(a+bt+ct2)sin[2π((t-φ)/τ)]  

In which the following symbols are used: y, raw luciferase data; l, baseline; m, linear baseline trend; t, 

time; n, parabolic baseline trend; a, amplitude; b, linear dampening; c, parabolic dampening; φ, 

phase; τ, period. 
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3.3 Results 

HepG2 cells can be circadian synchronized in vitro. 

In order to study the molecular interplay between the circadian clock and iron metabolism, it 

was first necessary to find a cell model in which we could manipulate iron concentration, as well as 

synchronize the circadian clock in vitro.  Because there were no prior investigations into these two 

pathways simultaneously, we were required to validate our own cell model.  Hepatocyte cell lines 

were the preferred target, due to the robustness of the liver peripheral clock and to the function of 

the liver as the primary organ of iron storage[145, 181-183].    HepG2 is a widely used hepatic 

carcinoma cell line which we proved to be circadian synchronizable by serum shock (Figure 6A-C) 

as well as dexamethasone [184, 185].  Transcriptome studies found gene expression in ontological 

groups of “stimulus response” and “immune system process” were lower in HepG2 compared to 

liver biopsy tissue [186].  Because these processes are involved in normal liver function, the 

observed downregulation may be due to cultivating HepG2 in vitro where the functional demands of 

the hepatocytes are different than in tissue [186].  However, we feel that HepG2 is an appropriate 

cell line to work in to model hepatic clock function and iron metabolism.  We showed that HepG2 

exhibited a rhythmic transcription of PER2 and CRY2 (Figure 6A, 6B respectively), components of 

the negative arm of the circadian feedback loop, which was antiphase to rhythms in BMAL1 (Figure 

6C), the primary oscillating component of the positive arm of the core molecular clock. 

 

Transcription of circadian clock components is dysregulated by iron overload or depletion. 

To further investigate whether the intracellular iron status had an impact on expression of 

core circadian clock genes, we dosed cells with 10μM, 100μM, or 1mM of ferrous sulfate and 

analyzed gene expression by qRT-PCR (Figure 6D).  Our findings demonstrate that PER2 and 
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BMAL1 expression is decreased by iron addition, CRY2 levels followed a dose-dependent increase 

in expression and CLOCK expression remains constant even under conditions of high iron (1mM).  

Expression of SLC40A1 was used to verify that cells show a transcriptional response to increasing 

intracellular iron concentration.  Next, we checked the converse experiment in which depletion of 

endogenous iron pool was achieved by treating cells with 2-2’-DP (Figure 6E).  By contrast with the 

results shown in Figure 5D, CLOCK showed significantly increased expression in cells depleted of 

iron, whereas CRY2 decreased.  PER2 and BMAL1 were largely unchanged by treatment with the 

chelator, demonstrating modest increases in expression.  These results taken together suggest that 

the transcription of core circadian clock genes is sensitive to the concentration of the labile iron 

pool. 
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Figure 6.  Core circadian components oscillate in synchronized HepG2 cells, and their expression is 

responsive to changes in intracellular iron level. 

A.  PER2 mRNA was quantified by qRT-PCR from HepG2 cells synchronized with serum shock (FBS, 50%) for 2h 

before being incubated in media containing 0% FBS and collected every 6h.  Timepoint -2h is before serum shock, 0h is 

right after synchronization.  Relative expression was quantified using Livak method, and the time series was normalized 

to the 0h timepoint.  B. CRY2 mRNA was quantified by qRT-PCR from HepG2 cells synchronized with serum shock 

(FBS, 50%) for 2h before being incubated in media containing 0% FBS and collected every 6h.  Timepoint -2h is before 

serum shock,0h is right after synchronization.  Relative expression was quantified using Livak method, and the time 

series was normalized to the 0h timepoint.  PER2 and CRY2 oscillate roughly in phase with each other, as expected for 

complementary components of the negative arm of the circadian feedback loop.  C. BMAL1 mRNA was quantified by 

qRT-PCR from HepG2 cells synchronized with serum shock (FBS, 50%) for 2h before being incubated in media 

containing 0% FBS and collected every 4h.  Timepoint -2h is before serum shock, 0h is right after synchronization.  

Relative expression was quantified using Livak method, and the time series was normalized to the 0h timepoint.  

BMAL1 mRNA oscillation is antiphase to PER2 and CRY2.  D.   HepG2 cells were treated with FeSO4 (0.01mM-1mM) 

directly to the media 48h prior to collection and analysis of mRNA expression by qRT-PCR.  Relative expression was 

quantified using Livak method.  E.  HepG2 cells were treated with 2,2’-DP (15uM) for 48h before collection and 

analysis of mRNA expression by qRT-PCR.  Relative expression was quantified using Livak method.  Statistical 

significance was determined by t-test.  *p ≤ 0.05; ** p ≤ 0.005; *** p ≤ 0.001 
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The oscillation of core clock genes is altered in response to changes in the labile iron pool. 

Once we knew that HepG2 cells could be entrained, and circadian clock mRNA expression 

could be modulated by altering iron levels, we asked whether the rhythm of one of the core 

transcripts, BMAL1, was maintained when the intracellular iron status was manipulated.  Ferrous 

sulfate was added to the media at 30 μM concentration in order to increase the level of available iron 

outside the cells to a concentration which is near the upper range of plasma iron in healthy 

individuals (Figure S1) [187].  In other experiments the endogenous iron pool was depleted by 

adding 2-2’-DP to the media, at a final concentration (15µM) which lowered intracellular iron 

without adversely affecting cell viability (Figure S1).  Circadian oscillations of BMAL1 mRNA in 

these cells show that rhythmicity is sensitive to intracellular iron status (Figure 7A).  Transcriptional 

rhythms are not completely abolished, indicating that there is not a total loss of clock function at the 

tested levels of iron disruption, but high iron loading especially impairs the robustness of BMAL1 

oscillations (Figure 7A).   

Analysis of these rhythms shows that manipulating the intracellular iron concentration alters 

the phase and amplitude of BMAL1 rhythms (Figure 7B).  We see a larger impact on fold change of 

peak mRNA levels under iron overload than iron depletion (Figure 7A).  However the amplitude of 

oscillation is greater and the period length is increased by over 1 h in iron depleted cells as compared 

to untreated or iron addition (Figure 7B).  This decrease in overall BMAL1 mRNA due to iron 

overload in our time-course is in agreement with our previous data showing that iron addition 

downregulates BMAL1 in unsynchronized cells (Figure 6D).  Our MetaCycle analysis also indicated  

that both iron overload and depletion cause phase delays in the rhythm, while only depletion has a 

noticeable effect on period length, increasing the period of BMAL1 rhythm by about 1 h (Figure 

7B).   Similarly, CRY2 expression oscillations were dampened in cells treated with 2-2’-DP (Figure 
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7C).  Alteration of circadian rhythm is not limited just to the positive arm of the circadian clock, 

such as BMAL1, because we ovserved that changes to the concentration of the labile iron pool also 

affect mRNA expression of the negative arm component CRY2.  However, BMAL1 rhythms are 

more severely impaired under iron overload, while CRY2 rhythms show greater dampening under 

iron depletion.  This divergence suggests that not all clock components may respond to iron 

challenge in the same manner, similar to how the different components of the clock are associated 

with different reactions to the same drug [188].  This is in agreement with our previous expression 

data, where BMAL1 and CRY2 transcription was opposed in cases of iron overload or iron 

depletion (Figure 6D and 6E, respectively).  The strength of rhythmic amplitude appears to be 

connected to the transcriptional effect of iron on each particular circadian component.   
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Figure 7.  Oscillations of core circadian components are impacted by impaired iron homeostasis. 

 

 

 

 

 

 

 

 



64 
 

Figure 7.  Oscillations of core circadian components are impacted by impaired iron homeostasis. 

A. Intracellular iron concentration in HepG2 cells was manipulated by dosing with FeSO4 (30μM) to increase 

intracellular iron or 2,2’-DP (15uM) to deplete intracellular iron. Both compounds were added directly into the media.  

Cells were then synchronized by dexamethasone (100nM) before collection every 4h for 48h, and relative BMAL1 

mRNA levels were quantified by qRT-PCR.  Within each treatment group, time series are normalized to the -2h 

timepoint.  Between treatment groups, the +Fe2+ and +2,2’-DP groups were normalized to the untreated group using 

the ΔCT values of BMAL1 in each -2h timepoint and using this normalization factor from the unsynchronized cells to 

properly represent the comparative expression of BMAL1 between the time series.  B.  HepG2 cells were treated exactly 

as in (A) BMAL1 mRNA rhythms was analyzed using MetaCycle.  Amplitude corresponds to the length of the arrow, 

and phase corresponds to the arrow’s direction.  .  C.  HepG2 cells were treated with FeSO4 or 2,2’-DP for 48h prior to 

synchronization with dexamethasone (100nM) for 2h (t=-2h).  Cells were then incubated in serum free media in the 

presence of FeSO4 or 2-2’-DP and harvested at different times for 24h.  Relative expression of CRY2 mRNA was 

analyzed by qRT-PCR and quantified using Livak method, normalizing within each treatment group to the 0h timepoint.  

Between treatment groups, the +Fe2+ and +2,2’-DP groups were normalized to the untreated group using the ΔCT 

values of CRY1 in each -2h timepoint and using this normalization factor from the unsynchronized cells to properly 

represent the comparative expression of CRY1 between the time series. 

 

Circadian rhythms of PER2 mRNA and protein are downregulated by iron overload. 

 Transcriptional response to iron addition by TFRC, IREB2, and SLC40A1 was blunted in 

cells that lacked PER2 due to siRNA knockdown (Figure 5). Additionally, we saw increased steady 

state level of expression of these three iron components in unsynchronized HepG2 and AML12 cell 

lines in response to PER2 knockdown (Figure 1B).  This knowledge, combined with the known 

heme-sensing role for PER2 [121] led us to ask whether PER2 was in turn sensitive to the 

intracellular ferrous iron concentration.  To determine this, we synchronized HepG2 cells treated 

with either ferrous sulfate (30µM) or 2-2’-DP (15µM) as described previously, and extracted both 

mRNA for analysis by qRT-PCR as well as protein for immunoblotting.  Targeting PER2 in both 

cases, we were able to compare rhythms of mRNA and protein in growth conditions of abnormal 

iron availability.  Both iron overload as well as iron depletion showed noticeably dampened rhythms 

in PER2 mRNA expression (Figure 8A) suggesting that there is a homeostatic range of intracellular 

iron which is necessary for robust circadian transcription to be maintained.  Our previously 

observed increase in PER2 transcription under iron chelation (Figure 6E) was not observed in this 
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time course however the effect of serum shock and synchronizing the cell population could have 

altered the reaction to iron depletion and this may further indicate that the effect of iron on the cell 

is influenced by its circadian status.  The phase of PER2 rhythms in iron depleted cells was less than 

0.5 h different from untreated cells, and while the period lengthened by less than 1 h, the observed 

mRNA rhythms appears to still be sufficient to maintain functional oscillations.  When these 

rhythms were analyzed in MetaCycle, we found that iron overload caused phase advance of almost 4 

h and shortening of period length by 4.9 h in PER2 mRNA oscillations (Figure 8B, Figure S2) 

suggesting that circadian disruption due to iron overload is consistent with period shortening seen in 

genetic PER2 knockout animals[20, 189]. 

Interestingly, we found that these impaired rhythms at the transcript level in ferrous sulfate 

treated cells were largely mirrored at the protein level.  PER2 showed observable rhythms in 

untreated cells, as well as in 2-2’-DP treated cells with peaks of expression at t=0h and t=24h 

(Figure 8C).  The downregulation of mRNA (Figure 8A) in cells as a result of iron depletion did not 

lead to an equivalent depletion of PER2 protein (Figure 8C).  This could be due to an increase in 

translational rate of PER2 in chelated cells compared to overloaded cells, in addition to the 

downregulation of mRNA seen in both treatment groups.  Two distinct mechanisms of heme 

interaction with the circadian clock exist, in the form of transcriptional regulation through REV-

ERBα and protein stability with PER2, our data suggests that there are multiple regulatory 

mechanisms at work here as well [120, 121].  In cells overloaded with iron there was severe decrease 

in PER2 expression, with almost total ablation of rhythmicity (Figure 8C, Figure S3).  This decrease 

in PER2 protein levels is likely at least partially due to the negative regulation of PER2 by heme  

[121].  This ablation of rhythmicity was confirmed by the MetaCycle analysis and immunoblot 

quantification (Figure 8C, Figure 8D).  Quantitative analysis shows that iron depleted cells 

maintained normal rhythmic parameters much better than overloaded cells (Figure S3).  This is of 
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importance when considered in the physiological context of individuals with chronically impaired 

iron regulation, and the potential impact this can have on the clock and all of the downstream clock 

controlled pathways.  

 Next, we were interested in observing the effect that iron concentration had on circadian 

rhythms over several circadian cycles.  To accomplish this, we took advantage of a luciferase 

reporter cell line and a live cell luminescence imager system [190]. The treatment concentrations 

utilized were lower for ferrous sulfate in MEF PER2::LUC compared to the previously used HepG2, 

due to an observed difference in viability of treated fibroblasts as opposed to the hepatocytes 

(Figure S1).  Our results demonstrate a dose dependent shortening of PER2 circadian period in 

MEF PER2::LUC cells treated with ferrous sulfate, ultimately resulting in an oscillation which was 

almost 3 h shorter than control cells (Figure 8E).  Conversely, cells treated with 2-2’-DP showed 

lengthening of PER2 luminescence rhythms of about 1 h (Figure 8E).  These results fit logically with 

what is known about the impact of PER2 protein on circadian period length[191].  As a key organ in 

metabolism, the liver has been shown to respond to metabolites such as glucose as entrainment 

signals, our data indicates that iron intake through feeding may exert an effect on the liver’s circadian 

clock as well  [5, 173].  Whether iron itself is sufficient to entrain a desynchronized clock is 

unknown.  Because PER2 is not an isolated molecule, but works in conjunction with the rest of the 

core feedback loop to generate a global rhythm in the cell, the knockdown of PER2 during iron 

overload results in a circadian rhythm which is significantly sped up.  This in turn can impact all the 

other processes the circadian clock interfaces with, and provides insight into how chronic iron 

overload can lead to a range of disease states [192]. 
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Figure 8.  Circadian rhythms in PER2 mRNA and protein are altered in HepG2 cells where intracellular iron 

homeostasis is compromised. 

A.  HepG2 cells were treated with FeSO4 (1mM) or 2,2’-DP (15uM) for 8h before synchronization with dexamethasone 

(100nM, t=-2).  Cells were then collected every 4h for 48h, and mRNA expression of PER2 was quantified by qRT-

PCR.  The -2h timepoint was used to normalize relative expression levels between treated groups and the untreated cells.  

PER2 mRNA was downregulated in cells either overloaded or depleted of iron.  B.  Analysis of period, phase, and 

amplitude of mRNA rhythm was performed using MetaCycle.  Phase is indicated by the direction of the arrow, and 

normalized amplitude by the length of the arrow as indicated on the graph’s scale.  C.  Following 48h incubation with 

either FeSO4 or 2,2’-DP, HepG2 cells were synchronized by 2h serum shock (FBS, 50%).  Cells were collected every 4h 

for 24h, and lysates were resolved by SDS-PAGE and analyzed by immunoblotting using α-PER2 antibody.  α-tubulin 

was used as a loading control.  Protein levels were quantified by densitometry using ImageJ software.  Quantification of 

PER2 was normalized to tubulin, and the -2h timepoint was used to calculate relative protein amounts between FeSO4 

or 2,2’-DP treated groups and untreated.  Multiple exposures of each blot were used to calculate standard deviation of 

the densitometry signal.  D.  Analysis of the period, phase and amplitude of the protein rhythms observed in (C.) was 

performed using MetaCycle, by integrating the ARSER, JTK-Cycle, and Lomb-Scargle methods with Fisher’s method 

for integration of p-values.  Phase is indicated by the direction of the arrow, and amplitude corresponds to the length of 

the arrow.  Untreated is shown in grey, +Fe2+ in red, and +2-2’-DP in green.  E.  MEF PER2::LUC cells were treated 

with varying concentrations of either FeSO4 or 2,2’-DP and synchronized with dexamethasone treatment as described in 

Materials and Methods.  Period length was quantified using curve fitting in JMP, with biological quadruplicate for each 

treatment.  Statistical significance in period length was determined by t-test.   *p ≤ 0.05; ** p ≤ 0.005; *** p ≤ 0.001 

 

 

3.4 Discussion 

While relationships between the circadian clock and iron metabolism have been superficially 

investigated before, there is little known how the intracellular iron status affects, if at all, the 

expression of circadian clock components and a potential impact on overall clock phase, period, and 

amplitude.  Here we sought to clarify this molecular relationship, to provide insight into how 

metabolism can impact circadian well-being in hepatocytes.  First, we demonstrated that the 

expression of core circadian BMAL1 and PER2 mRNAs is inversely correlated to the concentration 

of ferrous free iron within the cell, while expression of CRY2 is directly correlated (Figure 5).  Clock 

components often serve additional functions outside of their roles in the transcriptional feedback 

loop, therefore it is reasonable that the response to changes in iron varies [20, 193].  Iron availability 

is linked to functional heme production, and heme in turn degrades PER2 protein [121, 194].  The 

role of PER2 as a heme-sensing molecule may explain why we see increased CRY2 expression in 
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response to iron overload, as compensatory expression between these two clock components has 

been previously described [195].  CRY is able to function as a negative regulator of CLOCK:BMAL1 

independently of PER proteins, therefore our observed increase in CRY2 expression may be a 

compensatory mechanism for the loss of PER2 protein [196].   

As stated in the case of PER2, we saw that protein expression was severely dampened when 

cells were overloaded with iron.  While it is unknown if iron directly undermines PER2 stability, this 

is in agreement with studies showing the inverse correlation between heme and PER2 stability; it 

remains to be seen if the mechanism regulating PER2 degradation resulting from iron overload is 

independent from heme-dependent degradation [121, 122].  In conjunction with this, circadian 

rhythmicity of the protein and mRNA was severely dampened in PER2 in cases of iron overload.  

Unlike previous studies which have suggested that light is the only strong inducer of phase shifting, 

our PER2 data indicates that iron treatment induces a delay in circadian phase (Figure 7) [197].  The 

overall robustness of the clock is dependent on stoichiometric relationships between the positive 

and negative feedback loop components, and therefore the dramatic downregulation of PER2 as 

one of these components suggests that maintenance of clock function in tissues with dysregulated 

iron metabolism is likely impaired [34].  The dampening of amplitude in rhythms at the transcript 

level (Figure 6) and protein level (Figure 7) of core circadian components under iron overload 

suggest that the clock’s ability to drive robust rhythms in clock controlled genes is impaired.  Our 

MEF PER2::LUC reporter cell data shows that the disruption of the clock is dose dependent and 

within the physiologically relevant range altered the period of PER2 oscillations [71].    Below is a 

simple schematic image outlining some of the ways iron impacts circadian component function and 

clock stability (Diagram 4). 
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Diagram 4.  A representative model of ways iron interacts with the core circadian clock mechanism.   
The concentration of the labile iron pool impacts the mRNA levels of BMAL1 and PER2, either by limiting 
transcription or mRNA stability.  In addition, excess iron exerts negative feedback on PER2 protein within the cell, 
either by inhibiting translation or enhancing PER2 degradation.  The net effect of this modulation of clock components 
by excessive intracellular iron is a weakening of circadian rhythms, including phase delay and period shortening. 

 

 While our use of chelators to investigate the impact of insufficient labile iron on circadian 

rhythms showed smaller changes in phase and amplitude of circadian clock components, there was 

still a noticeable impact on both circadian gene expression as well as resulting circadian period.  Iron 

deficiency is the most common nutritional disorder worldwide, there is certainly justification for 

further exploration of how circadian clocks in these individuals may be effected[80, 81, 198].  There 

is already evidence that behavioral patterns are altered in animal models of iron deficiency, with iron 

deprived mice mimicking the human condition of restless legs syndrome and displaying disrupted 

sleep patterns [125].  While it doesn’t appear that restless leg syndrome itself is a disorder of the 

circadian clock, the symptoms, namely disruption of the beginning of the inactive period, are 

presented in a circadian manner [125].  Additionally, rats experiencing induced anemia from four 

weeks of iron-free diet showed inversions of sleep/wake cycles as well as timing of hypothermic 
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response to d-amphetamine [126].  These behaviors are linked to reductions in the activity of the 

dopaminergic pathway in the midbrain, and the expression of dopamine-related genes is altered in 

cases of iron deficiency [126, 199].  While impaired dopaminergic function and circadian clock 

disruption are both observed in cases of iron deficiency, it is unknown if they are due to the same 

molecular mechanism. These studies begin to show the physiological relevance of our investigation 

into phase and period shifts in hepatocytes with disrupted iron homeostasis.  Unlike the rodent 

models of iron deficiency which focus on effects in the brain, we show that peripheral clocks are 

also sensitive to iron status.  The detrimental effects of circadian disruption range from metabolic 

syndromes to cancer, and the potential for impaired iron homeostasis to exacerbate these effects 

needs to be considered [200]. 
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Chapter 4: Conclusions and Future Directions 

4.1 Conclusions 

 Our work seeks to further expand the role of the circadian clock on regulating 

mammalian iron metabolism, as well as establish the free ferrous iron pool as a modulator of the 

circadian clock.  An overview of our observed nodes of interaction (Diagram 5) demonstrates the 

complexity of this crosstalk. 

 
   
Diagram 5: A model of the molecular interface between the circadian clock and iron metabolism.  The 
generation of rhythmic ferrous free iron in the cytosol is dependent on the transcriptional regulation of SLC40A1 and 
post-transcriptional regulation of IREB2, with IRP2 subsequently going on to post-transcriptionally generate rhythmic 
TFRC mRNA.  These rhythmic changes in the balance between iron import and export result in daily fluctuations in 
ferrous free iron.  Conversely, we see iron feedback onto the circadian clock by downregulating mRNA expression of 
PER2 and BMAL1 as well as repressing PER2 protein levels.  These effects were found to induce changes in rhythmic 
phase and period, which will have repercussions on other cellular processes. 

 

Previous studies have shown that clinicians studying circulatory iron parameters such as 

transferrin saturation need to be mindful of daily fluctuations, and we now know that the ferrous 

free iron of the cytosol follows circadian patterns as well.  This is achieved through circadian 

regulation of core iron metabolic components, which raises clinical considerations for the use of 

iron metabolic components such as TFRC for targeted drug delivery.  By taking into account the 
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circadian phase of the patient, delivery can be optimized to maximize efficacy and minimize toxicity.  

Furthermore, establishing the role of circadian regulation in iron metabolism provides information 

on how iron status may be impaired in patients who suffer from clock deficiencies.  The 

homeostatic window for intracellular iron concentration needs to be fairly small in order to 

minimize redox-related cytotoxicity, and circadian disruption may make homeostasis harder to 

maintain.  Even modest increases in oxidative stress over a long time period can have a 

compounding negative effect on health and this may present a common thread between the high 

incidence of cancer in individuals with impaired circadian or iron metabolic function [201]. 

The feedback that iron exerts on the circadian clock is another instance where molecular 

interaction can be implicated in broader physiology and health.  Iron deficiency is the most common 

nutritional disorder in the world, and severe deficiency has been shown to drastically alter circadian 

function [80, 126].  If impairment of the circadian clock during lack of iron homeostasis occurs 

under less severe conditions of iron metabolism, then there are a large number of people at risk. We 

see that even modest changes to intracellular iron have measurable changes on period length of 

circadian driven luminescence oscillations, suggesting that a broad number of people globally may be 

subjected to hepatic circadian modulation via iron which is not in phase with global entrainment 

signals from the SCN.  However, just as oral iron supplementation has been shown to reduce the 

circadian presentation of symptoms in restless leg syndrome, this opens the door to the study of 

iron as selective modulator of circadian clocks.  Taking an iron pill upon landing will not become a 

cure for jet-lag, however controlling ferrous free iron may become one of multiple tools in helping a 

patient’s endogenous circadian clock restore function to other impaired biological pathways. 
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4.2 Future Directions 

As of this time we do not know if the cellular response to iron influx is dependent on the 

circadian phase at the time of treatment, as has been demonstrated for glucose and certain drugs like 

amphetamines [126, 169].  Measuring the rate of iron absorption immediately after addition to the 

media at different points in the circadian phase could reinforce the hypothesis that the clock 

regulates iron metabolic components in anticipation of increases in iron availability due to rhythmic 

feeding behavior.  Conversely, we have shown that circadian rhythms are sensitive to iron load, and 

therefore it may be revealing to quantify the degree of phase shifting induced in vitro by iron 

addition depending on when in the circadian phase iron was added. 

One area for further exploration will be to see if an animal model of genetic or dietary iron 

overload demonstrates impaired circadian rhythmicity.  Genetic models for conditions such as 

hereditary hemochromatosis can have their wheel-running activity monitored, and compared to 

normal mice as well as wild-type mice which have been fed a high iron diet.  To examine the specific 

effect on the peripheral clock of the liver, tissue could be excised and circadian gene expression 

quantified by qRT-PCR.  This could provide insight into individuals with genetic conditions such as 

hereditary hemochromatosis.  There is some evidence that iron deficiency disrupts circadian 

behavior in rodent models, but this needs to be further explored especially with regards to impact on 

expression of circadian components.  Conversely, in-vivo models of circadian impairment can be 

used to observe the physiological response to dietary iron overloading.  The circadian defects of 

many of these models is already established, for example a homozygous CLOCK mutant mouse 

displays a slightly shorter period [202].  Based on our findings in this study, it would be fascinating 

to see if chelating iron from these mice resulted in a lengthening of circadian period equivalent to 

the wild-type.  
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Abstract 

The circadian clock relies on post-translational modifications that set the timing for the degradation of 

core regulatory components and the pace of clock progression. Despite their importance, identification of 

the E3-ligases involved in ubiquitin-mediated degradation of clock components in mammalian models 

remains a daunting task. In fact, -transducin repeat containing proteins (-TrCPs) remain the major 

recognition subunits of phosphorylated substrates for most clock proteins, including the circadian factor 

PERIOD 2 (PER2) and mediate ubiquitination and proteasomal degradation. Previously, we established a 

role for PER2 in modulating the stability and function of the tumor suppressor p53 through its ability to 

prevent mouse double minute 2 homolog (MDM2)-mediated p53’s ubiquitination and turnover. In this 

study, we i) identify the endogenous PER2:MDM2 complex, ii) map its interaction sites, iii) establish 

PER2 and -TrCP1 as target substrates for MDM2, iv) reveal a phosphorylation-independent mechanism 

for PER2 ubiquitination and degradation, v) determine the existence of an MDM2:-TrCP1 regulatory 

loop that modulates PER2 turnover, and vi) demonstrate the relevance of the loop for determining 

circadian period length. Therefore, we propose the existence of a new regulatory node in the clock 

network that can receive, connect, and distribute a diverse set of signals acting on cellular homeostasis. 
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Introduction  

From vertebrates to bacteria, the molecular circadian clock is formed by a transcriptional-translational 

feedback loop where the expression of its core components drives the different phases of the daily cycle 

and whose protein products influence the cell’s biochemistry {Bell-Pedersen, 2005 #13}. In mammalian 

cells, the positive limb of the clock is driven by the heterodimer formed by the circadian locomotor output 

cycles kaput (CLOCK) and the brain and muscle Arnt-like protein-1 (BMAL1) complex, which initiates 

the transcription of PERIOD and CRYTOCHROME genes (PER 1,2,3 and CRY 1,2) and other clock-

controlled genes (ccgs). Dimerization of PER and CRY is relevant to the negative limb of the feedback 

loop as the nuclear translocation of the complex further inhibits CLOCK/BMAL1 transcriptional activity 

[for review see {Buhr, 2013 #315}]. Remarkably, this process also involves the rhythmic remodeling of 

chromatin through the recruitment of methytransferases, histone deacetylase, and the intrinsic histone 

acetyl transferase activity of CLOCK {Buhr, 2013 #315}. The stability of PER and CRY proteins is 

relevant to the termination of the repression phase and the initiation of a new round of transcription, a 

process that is mediated by distinct phosphorylation events in PER and CRY that precede E3-ligase-

mediated ubiquitination and proteasomal degradation [for review see {Buhr, 2013 #315} and references 

within]. 

At the core of the mammalian clock mechanism is PER2, a large protein with a well-defined N-terminus 

HLH-PAS (Helix-Loop-Helix Per-Arnt-Single minded) domain responsible for multiple protein-protein 

interactions including homo- and hetero-dimerization among PER proteins {Yagita, 2000 #185}. In 

addition, PER2 exhibits a number of motifs and short domains that play critical functional roles in its 

cellular localization (nuclear localization and export signal motifs), stability (binding domain for E3 

ligase), and post-translational-targeted modifications (including casein kinase 1 / CK1/ and 

glycogen synthase kinase 3, GSK3 phosphorylation sites), the result of which, influences the periodic 

accumulation and distribution of PER2 in the cell [for review see {Ripperger, 2012 #317}]. Furthermore, 

the stability of PER2, which seems to increase or decrease based on its phosphorylation status, is 

influenced by environmental stimuli and homeostatic cellular conditions {Gallego, 2007 #55; Zhou, 2015 

#218; Kaasik, 2013 #318}. As a result, PER2 acts as a cellular rheostat that integrates signals and helps to 

robustly compensate profound changes in environmental conditions that would otherwise affect the 

circadian clock. 

Phosphorylation of PER2 by CK1/ can either stabilize or destabilize the circadian factor depending on 

which cluster site in PER2 the modification takes place in. Accordingly, PER2
S662G

, a PER2 variant linked 

to familial advanced sleep phase syndrome {Lowrey, 2000 #321}, contains a missense mutation that 

prevents priming-dependent phosphorylation of flanking sites by CK1/ stabilizing PER2 independent 

of its location {Shanware, 2011 #319}. Conversely, a priming-independent cluster located in the C-

terminus of PER2’s PAS domain is targeted by CK1/ and is required for ubiquitin ligase-mediated 

degradation of PER2 {Eide, 2005 #323}. At present, our understanding of the molecular players involved 

in PER2 degradation is reduced to the sole role of -TrCP, an F-box/WD40 repeat-containing substrate 

recognition subunit of the ubiquitin ligase complex SCF (Skp1-Cul1-F-box) that channels 

phosphorylation-dependent degradation of proteins {Eide, 2005 #323; Ohsaki, 2008 #282}. The 

mammalian -TrCP E3 ligase subfamily includes -TrCP1 and -TrCP2, both of which are closely 

related in sequence, indistinguishable in function, but encoded by different genes {Fuchs, 2004 #325}. In 

addition, other multiple F-box/WD40-containing isoforms exist and result from alternative splicing of the 

BTRCP gene {Fuchs, 2004 #325}. Biochemical evidence points to direct interactions between -TrCP1/2 
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and PER1, whereas -TrCP1, seems to be the sole form implicated in the binding of PER2 in vitro 

{Shirogane, 2005 #327; Eide, 2005 #323}. Despite these findings, there has been not a clear answer on 

whether -TrCP-targeted selectivity actually happens in vivo besides the fact that -TrCP-mediated 

degradation contributes to generating cyclic levels of PER proteins relevant to the function of the clock 

{Ohsaki, 2008 #282}. As has been noted, endogenous-TrCPs’ activities depend on their localization 

and abundance in cells with -TrCP1 predominantly located in the nucleus and -TrCP2, the most 

unstable form of both E3-ligases, in the cytoplasmic compartment {Fuchs, 2004 #325}. Interestingly, 

findings show that overexpression of both dominant-negative forms of -TrCP in cells neither increased 

PER2 stability nor accumulated phosphorylated PER2; instead, it resulted in rapid degradation of PER2 

by, yet, an unknown mechanism {Ohsaki, 2008 #282}. 

We previously reported that PER2 forms a stable complex with p53 that undergoes time-of-the-day-

dependent nuclear-cytoplasmic shuttling, thus, generating an asymmetric distribution of each protein in 

different cellular compartments {Gotoh, 2016 #332}. In unstressed cells, PER2 mediates p53’s stability 

by binding p53’s C-terminus and preventing p53’s ubiquitination of targeted sites by the RING finger-

containing E3 ligase mouse double minute 2 homolog (MDM2) {Gotoh, 2014 #63}. Remarkably, 

PER2:p53:MDM2 co-exist as a trimeric and stable complex in the nuclear compartment, although, p53 is 

released from the complex to become transcriptionally active once cells experience a genotoxic stimuli 

{Gotoh, 2015 #206}. As a result, we asked whether PER2 could also act as a bona fide substrate for the 

E3 ligase activity of MDM2 in the absence of p53. Unlike -TrCP, MDM2 acts as a scaffold protein to 

facilitate catalysis by bringing the E2 ubiquitin-conjugating enzyme and substrate together in a 

phosphorylation-independent manner. Our findings show that PER2 binds near the N-terminus of MDM2 

in a region located downstream of the p53-binding site mapped in MDM2. Furthermore, our results show 

that PER2:MDM2’s interaction does not abrogate MDM2’s E3 ligase activity and, thus, PER2 is 

efficiently poly-ubiquitinated both in vitro and in cells. Accordingly, PER2’s half-life is critically 

modulated by MDM2’s expression and its enzymatic activity as shown in cells where MDM2 levels were 

either enhanced or silenced and its catalytic activity specifically inhibited. Moreover, and besides the 

regulatory role of CK1/-TrCP in MDM2 turnover {Inuzuka, 2010 #329}, our data show that a 

feedback loop exists and that MDM2 can also target -TrCP1 for degradation in a phosphorylation-

independent fashion. As a result, fine-tuning the levels of active MDM2 directly influences period length, 

thus, advocating for tight control of PER2 turnover in the cells that expand the phosphorylation-centric 

view of its degradation. Consequently, PER2 targeting by MDM2 not only expands MDM2’s suite of 

specific substrates beyond the cell cycle to include circadian components but also uncovers novel 

regulatory players that likely impact our view of how other mechanisms crosstalk and modulate the clock 

itself.  
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Results 

In vertebrates, phosphorylation-dependent -TrCP-mediated ubiquitination and proteasomal degradation 

provides a means of regulating endogenous levels of PER2 in the cell and, thus, its daily accumulation 

[for review see {Gallego, 2007 #55}]. As a large body of evidence supports a more central role of PER2 

as the integrator of intracellular signals and as a sensor of environmental conditions, much of the effort 

has been devoted to understanding how various phosphorylation events determine PER2’s degradation 

rate {Gallego, 2007 #55;Vanselow, 2006 #328;Vanselow, 2007 #271;Zhou, 2015 #218;Kaasik, 2013 

#318} whereas other phosphorylation-independent mechanisms of degradation have remained largely 

unexplored. Building on our previous finding that PER2 forms a stable complex with p53 and MDM2 

{Gotoh, 2015 #206;Gotoh, 2014 #63}, we evaluated whether the RING E3 ligase can provide an 

alternative route of degradation for PER2 that is independent of post-translational events and, at the same 

time, influence the circadian period. 

The oncogenic E3 ligase MDM2 interacts with PER2 in the absence of p53. We previously reported 

the identification of protein interactors of PER2 by subsequent screening of a human cDNA liver library 

using a bacterial two-hybrid system {Gotoh, 2014 #63}. Target clones were isolated from a dual selective 

media using a PER2 bait, identified by sequencing, and categorized based on gene ontology {Gotoh, 2014 

#63}. Among those clones were various length cDNA fragments encoding regions of the circadian factor 

crytochrome (CRY), a known direct interactor of PER2, and the tumor suppressor p53 whose stability and 

function we have proven to be directly modulated by PER2 {Gotoh, 2015 #206;Gotoh, 2014 #63}. Here, 

we report the identification of the human MDM2 homolog as a direct interactor of PER2 suggesting that, 

in addition to the already identified PER2:p53:MDM2 nuclear complex, PER2:MDM2 might exist as its 

own entity and their association might be independent of p53 binding (Fig. 1A). 

We first evaluated the presence of the PER2:MDM2 complex in cells lacking endogenous expression of 

p53. Initial experiments were carried out using colorectal HCT116 cells [TP53(+/+), PER2(+/+); named 

HCT116
p53+/+

 hereafter] and, to avoid confounding variables, its null-isogenic HCT116 cell variant 

lacking p53 expression [TP53(-/-), PER2(+/+); named HCT116
p53-/-

 hereafter] {Bunz, 1998 #211}. As 

p53 and MDM2 form a regulatory feedback loop in which p53 transcriptionally up-regulates MDM2 

expression, cells lacking p53 protein usually exhibit constitutive low levels of MDM2 expression, an 

event enhanced by MDM2’s self-ubiquitination activity and increased turnover [for review see 

{Iwakuma, 2003 #330}]. To circumvent this problem, HCT116
p53-/- 

cells were transfected with myc-

tagged MDM2 and PER2:MDM2 association was detected by immunoprecipitation of endogenous PER2. 

As shown in Fig. 1B, -PER2, but not control IgG, antibody brings down PER2-associated MDM2 in 

both HCT116
p53+/+

 and HCT116
p53-/-

 further supporting their p53-independent interaction. Similar results 

were obtained using a human non-small cell lung carcinoma line (H1299) that possesses a homozygous 

partial deletion of the TP53 gene and lacks p53 expression. In this case, complexes were detected in cells 

co-transfected with myc-PER2 and either FLAG-MDM2 or its ubiquitin ligase activity-deficient mutant 

FLAG-MDM2(C
470

A) {Honda, 2000 #331}, and with the E3 ligase -TrCP1 as well (Fig. S1A).  

Next, we asked whether modification in the critical PER Ser
662

 site plays a role in PER2-binding to 

MDM2 and -TrCP1 ligases. Accordingly, in vitro transcribed and translated proteins were incubated and 

complexes were allowed to form before immunoprecipitation. As shown in Fig. 1C, MDM2 binding to 

PER2 is independent of post-translational modification in Ser
662

 as both of the PER2 forms, wild-type and 

S
662

A mutant, bound MDM2 to the same extent in vitro (Fig. 1C, lanes 1 and 2) and in transfected cells 

(Fig. S1B). Conversely, as modification in this site is relevant to PER2:-TrCP1 priming (REF), their 
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binding seemed compromised in the case of PER2(S
662

A) as decreased levels of -TrCP1 were detected 

compared to PER2 wild-type (Fig. 1C, lanes 3 and 4). Lastly, we evaluated whether PER2 binding and 

S
662

A modification played a role in preventing MDM2:-TrCP1 association, as it is known that 

phosphorylated MDM2 acts as a -TrCP1 substrate {Inuzuka, 2010 #329}. A two-step binding assay was 

performed in which either form of PER2 was pre-incubated with FLAG-MDM2 and the complex was 

purified by affinity chromatography before adding recombinant -TrCP1. Unexpectedly, our in vitro 

binding results showed that either form of PER2 is able to associate in a stable complex with MDM2:-

TrCP1 (Fig. 1C, lanes 5-7), a result that prompted us to map the region of binding between PER2 and 

MDM2 to better understand the interplay among these molecules. Accordingly, recombinant FLAG-

MDM2(C
470

A) was pre-incubated with various epitope-specific antibodies that recognize native 

conformations in MDM2 [{Chen, 1993 #333}, 4B2: residues 19 to 59; SMP14: residues 154 to 167; 

4B11: residues 383 to 491 (comprises the RING domain)] before adding recombinant myc-PER2 (Fig. 

S1C). As shown in Fig. 1D, pre-incubation with -MDM2 clone SMP14 completely abolished PER2 

binding suggesting that the epitope comprising residues 154-167 in MDM2 is critical for the stability of 

the PER2:MDM2 interaction. Furthermore, pull-down experiments using various recombinant GST-

expressed fragments of PER2 [named GST-PER2 (1-172), GST-PER2 (173-355), GST-PER2 (356-574), 

GST-PER2 (575-682), GST-PER2 (683-872), GST-PER2 (873-1,120), GST-PER2 (1,121-1,255)] and 

[
35

S]-MDM2 showed that association primarily occurs in the C-terminus of the PAS domain, residues 356 

to 574, and in a further inward region that is heavily post-translationally modified comprising residues 

683 to 872 (Fig. 1E and S1D). Remarkably, both MDM2 interacting regions in PER2 are targeted for 

priming-independent (the former) and priming-dependent (the latter), CK1 phosphorylation and are 

reportedly involved in -TrCP1-dependent turnover of PER2 {Gallego, 2007 #55}. Overall, our findings 

establish the existence of a PER2:MDM2 complex whose association is independent of the presence of 

p53, thus, suggesting that alternative E3 ligases may be acting on PER2. 

Period 2 is a bona fide substrate of MDM2. The E3 ligase MDM2 catalyzes the direct transfer of 

ubiquitin molecules from the E2 enzyme to the substrate in a RING-finger-dependent manner through a 

mechanism that involves direct recognition and simultaneous binding of both the E2-conjugated ubiquitin 

and the substrate {Berndsen, 2014 #334}. Furthermore, unlike -TrCPs, for which specific substrate 

phosphorylation appears to be a requirement for binding, MDM2’s substrate recognition does not require 

an a priori modification {Fuchs, 2004 #325}. As PER2 binds MDM2 opposite its RING domain, we next 

asked whether MDM2’s catalytic activity could result in PER2 ubiquitination. To test this possibility, we 

evaluated PER2 ubiquitination in four different scenarios including i) an in vitro assay where recombinant 

purified E1 and E2 enzymes (Ubch5a, b, c), myc-MDM2 or myc-MDM2(C
470

A), and FLAG-PER2 were 

added stepwise to the reaction (Fig. 2A), ii) a cell-free system enriched in E1 and E2 enzymes (HeLa 

S100 fraction) also containing in vitro transcribed and translated myc-MDM2, or myc-MDM2(C
470

A), and 

FLAG-PER2 (Fig. 2B), iii) a dose-dependent in vitro assay in which PER2 ubiquitination was monitored 

in the presence of increasing amounts of MDM2 (Fig. 2C) and iv) in HCT116
p53-/-

 cells co-transfected 

with FLAG-PER2 and either myc-MDM2 or myc-MDM2(C
470

A) in the presence of MG132, a cell-

permeable proteasome inhibitor (Fig. 2D) {Gotoh, 2016 #332;Gotoh, 2014 #63}. To rule out the 

contribution of phosphorylation events in substrate recognition, we incorporated lambda phosphatase, a 

dual specificity enzyme with activity towards phosphorylated Ser/Thr/Tyr residues, in assay ii. In all 

cases, the PER2:MDM2 complex was immunoprecipitated and either PER2 levels or its ubiquitin 

intermediates (PER2-[Ub]n) were detected by immunoblotting.  
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Results showed that under the most reductionist experimental conditions, FLAG-PER2 is specifically 

poly-ubiquitinated by myc-MDM2, a result that is further supported by the converse result obtained when 

using the catalytically inactive form of MDM2 (Fig. 2A, lanes XXX and XXX). Furthermore, MDM2-

mediated ubiquitination is independent of substrate phosphorylation as PER2-[Ub]n intermediates were 

detected even when pre-treated with lambda phosphatase (Fig. 2A, lanes XXX and XXX). Interestingly, 

some level of mono-ubiquitination was detected in PER2 when a similar in vitro assay was performed 

using methyl-ubiquitin as substrate, opening the possibility that, as is the case with p53 {Li, 2003 #103}, 

MDM2 could be responsible for both modifications in PER2 (Fig. S2).  

As is the case with p53, in which the extent of MDM2-mediated substrate poly-ubiquitination depends on 

MDM2 levels {Li, 2003 #103}, accumulation of PER2-[Ub]n intermediates also increased along with the 

levels of MDM2 when monitored in immunoprecipitated samples from in vitro reactions in which FLAG-

PER2 was constant and myc-MDM2 was augmented (Fig. 2C). 

Lastly, co-transfected HCT116
p53-/-

 cells expressing recombinant FLAG-PER2 and either myc-MDM2 or 

myc-MDM2(C
470

A) proteins were treated with MG132 to facilitate the accumulation of PER2-[Ub]n 

intermediates (Fig. 2D). As shown in Fig. 2D, PER2-[Ub]n conspicuously accumulated only in MG132-

treated samples overexpressing myc-MDM2 while remaining close to basal levels in those expressing the 

inactive form of the enzyme (Fig. 2D, lanes 1-3) despite the level of expression of the latter, which was 

greatly enhanced (Fig. 2C, lower panel). As expected, HCT116
p53-/-

 cells exhibited largely undetectable 

levels of endogenous MDM2 (Fig. 2C, lane 1 in lower panel) and, thus, the basal levels of PER2-[Ub]n 

detected in control samples (Fig. 2C, lane 1) might reflect the endogenous activity of either -TrCP1 or 

that o, a yet unknown E3 ligase of the PER2 substrate.  

We then asked whether MDM2-mediated polyubiquitination of PER2 impacts PER2’s half-life. 

HCT116
p53+/+

 cells were transfected with FLAG-MDM2 and harvested at different times after being 

treated with cycloheximide (CHX), an inhibitor of protein biosynthesis previously used to estimate the 

half-life of other core clock proteins {Gotoh, 2016 #332;Yoo, 2005 #192}. Analysis of cell lysates 

showed endogenous levels of PER2 that were remarkably reduced shortly after CHX addition in samples 

overexpressing MDM2 (Fig. 2E, upper panel); thus, PER2’s half-life was shortened 2-fold (t1/2 mock vs. 

MDM2-trasfected was 1.45 h vs. 2.95 h; Fig. 2E, bar graph). Overall, our results support a model in 

which MDM2 directly targets PER2 for polyubiquitination in a phosphorylation-independent manner that 

favors proteasome-mediated degradation of PER2. 

Period 2 turnover is at the crossroad of the MDM2--TrCP1 regulatory loop. We next evaluated the 

half-life of PER2 in unstressed cells under conditions in which the endogenous levels of either MDM2 or 

-TrCP1 were downregulated. Based on our findings, we hypothesized that a decrease in endogenous 

MDM2 levels would favor PER2 stability and a prolonged half-life. Conversely, downregulation of -

TrCP1 should have a much more modest effect on PER2 half-life and, therefore, closely mimic that of 

mock-treated samples as substrate phosphorylation is an absolute requirement for -TrCP1 targeted 

activity. HCT116
p53+/+

 cells, which express both MDM2 and -TrCP1 and form a stable endogenous 

complex (Fig. S3), were transfected with siRNA targeting either MDM2 or -TrCP1 and lysates were 

collected at various times after CHX addition and examined for the expression of endogenous levels of 

PER2, MDM2, and -TrCP1 (Fig. 3A). Results unmasked two distinct, yet related, features associated 

with PER2 levels as siRNA treatment seemed to influence both PER2’s accumulation and its stability and 

half-life (Fig. 3A, upper panel). As shown, the endogenous levels of PER2 increased, albeit at different 

levels, as a result of knocking down either E3 ligase even before CHX addition with a 4- vs. 2-fold 
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increase detected in siMDM2 vs. si-TrCP1 samples compared to mock samples (Fig. 3A, lanes 1, 7, and 

13 and bar graph). When analyzing PER2’s half-life, both siRNA-treated samples stabilize PER2 to 

largely the same extent and with similar half-life (t1/2 siMDM2: 2.3 h, t1/2 si-TrCP1: 2.4 h) in notable 

contrast to that of mock samples (t1/2 mock: 1.7 h; Fig. 3A, upper panel). To understand the meaning of 

these results from a signaling standpoint, we turned our attention to two additional findings that emerged 

from the analysis of the endogenous levels of MDM2 and -TrCP1 that resulted from knocking down 

either ligase in each independent experiment (Fig. 3A, lanes 7-12 and 13-18, middle panels). 

Unexpectedly, siMDM2 treatment resulted in increased amounts of endogenous -TrCP1 to much greater 

levels than those detected in mock-treated samples suggesting that -TrCP1 might itself be a target of 

MDM2 (Fig. 3A, lanes 1-6 and 7-12, middle panels). Whereas the converse result was, to some extent, 

expected as previous evidences shows that -TrCP1 targets casein kinase 1 / (CK1)-mediated 

phosphorylated MDM2 in response to DNA damage and during the G1-S phase of unstressed cells 

{Inuzuka, 2010 #329}. That is, the amount of MDM2 accumulated in si-TrCP1-treated samples, 

although greater than that identified in siMDM2 lysates (Fig. 3A, lanes 7-12 vs. 13-18), remained lower 

than those detected in mock lysates for which a basal level of expression of -TrCP1 expression exists 

(Fig. 3A, lanes 13-18 vs. 1-6). In summary, these results further support the role of MDM2 in PER2 

stability and unveils an additional regulatory feedback loop that might exist between MDM2 and -TrCP1 

and provides an alternative path for controlling PER2 cellular levels (Fig. 3B). 

The MDM2 E3 ligase targets -TrCP1 for ubiquitination. To investigate whether -TrCP1 might also 

be a direct substrate of MDM2, we generated a dominant negative form of -TrCP1 [named -TrCP1F 

hereafter, {Fuchs, 2004 #325}] that cannot interact with the ubiquitin E3 component Skp1 and is, 

therefore, functionally inactive. Initially, in vitro reactions were performed using recombinant FLAG--

TrCP1F as a substrate and either myc-MDM2 or its catalytically inactive form myc-MDM2(C
470

A) 

proteins (Fig. 4A). Protein complexes were allowed to form and enzymatic reactions took place in the 

presence (+, Fig. 4A, lanes 5-12), or absence (-, Fig. 4A, lanes 1-4) of ubiquitin-containing mixture as 

described in the Methods section. The p53:MDM2 and p53:MDM2(C
470

A) complexes were used as 

control reactions in the assay (Fig. 4A, lanes 3-4 vs. 11-12). In all cases, complexes were 

immunoprecipitated and their components and modifications identified by immunoblotting. Results show 

that FLAG--TrCP1F was able to form a stable complex with both myc-MDM2 and myc-MDM2(C
470

A) 

(Fig. 4A, lanes 1-2 and 9-10, upper and middle panels) and that addition of ubiquitin promoted the 

formation of FLAG--TrCP1F-[Ub]n intermediates in myc-MDM2-containing samples as detected using 

-ubiquitin antibody (Fig. 4A, lane 9, lower panels). In the context of previously reported findings 

showing that phosphorylated MDM2 is targeted by -TrCP1, our data support a model in which the 

converse reaction is possible; thus, MDM2 could also target -TrCP1 for polyubiquitination generating a 

regulatory feedback loop. 

To further explore this possibility, we monitored the endogenous levels of -TrCP1 in HCT116
p53+/+

 cells 

overexpressing either FLAG-MDM2 or FLAG-MDM2(C
470

A) and following CHX treatment (Fig. 4B). In 

agreement with the proposed role of MDM2 in modulating -TrCP1 stability, threshold expression of 

FLAG-MDM2 led to a reduction in endogenous levels of -TrCP1 compared to mock samples (Fig. 4B, 

lanes 7-12 vs. 1-6, upper panel) whereas overexpression of the MDM2’s dominant negative form favors 

both accumulation and stability of -TrCP1 (Fig. 4B, lanes 13-18 vs. 1-6, upper panel). Altogether, our 

data suggest that the interplay between MDM2 and -TrCP1 might represent a unique feedback node for 
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modulating PER2 stability. Hence, we examined whether the combined effect of altering the activity of 

MDM2--TrCP1 components and availability of phosphorylated substrates impact the half-life of PER2. 

To test this possibility, we took advantage of two selective compounds, sempervirine nitrate [named SN 

hereafter, {Sasiela, 2008 #339}] and PF-670462 [named PF670 hereafter, {Badura, 2007 #341}], shown 

to specifically inhibit the ubiquitin ligase activity of MDM2 and the kinase activity of CK1, respectively 

{Clement, 2008 #342;Zhou, 2015 #218;Kim, 2013 #219}. Accordingly, HCT116p53
+/+

 cells were 

incubated with SN, PF670, or a combination of both shortly before CHX addition as described in the 

Methods section. Lysates from cells collected at different times after CHX treatment were analyzed for 

the levels of PER2 by immunoblotting (Fig. 5A). In agreement with our previous results using siMDM2 

(Fig. 3A), inhibition of MDM2 activity by SN resulted in enhanced stability and greater half-life of PER2 

compared with control samples (Fig. 5, lanes 7-12 vs. 1-6). Interestingly, whereas the accumulation of 

PER2 was expected in the context of PF670 treatment, its effect in lengthening PER2’s half-life was 

unanticipated (Fig. 5, lanes 13-18 vs. 1-6, upper panel) but in agreement with our proposed model (Fig. 

3B). Accordingly, as PF670 treatment also favors accumulation of endogenous MDM2 (Fig. 5, lanes 13-

18 vs. 1-6, middle panel) by inhibiting the kinase responsible for MDM2 phosphorylation and -TrCP1-

mediated turnover {Inuzuka, 2010 #329}; thus, a pool of active MDM2 is available for feedback to target 

-TrCP1 for degradation, a hypothesis that justifies the reduction in -TrCP1 levels observed between 

control and PF670-treated samples (Fig. 5, lanes 13-18 vs. 1-6, middle panel). Lastly, we hypothesized 

that PER2’s accumulation and half-life would be greatest when CK1 and MDM2 activities were 

simultaneously inhibited, as PER2 is phosphorylated and targeted by -TrCP1 and MDM2 is active and 

can target PER2 for degradation, a prediction further supported by the data shown in Fig. 5 (lanes 19-24). 

Overall, our data supports a model in which the stability of PER2 is compromised by altering either the 

levels or activity of MDM2 and -TrCP1 and by blocking CK1-mediated substrate phosphorylation (Fig. 

5B). 

The MDM2’s regulatory loop modulates the period length of the circadian oscillator. Maintenance 

of the transcriptionally negative feedback loop of the mammalian clock relies on the expression of its 

rate-limiting component PER2 for the formation of a functional PER2:CRY inhibitory complex {Chen, 

2009 #345}. Thus, parameters such as timing, subcellular localization, post-translational modifications, 

and the level of PER2’s expression are critical for determining the phase and length of the circadian clock 

{Chen, 2009 #345;Lee, 2001 #101;Lee, 2011 #343;Lee, 2011 #344}. Consequently, we hypothesized that 

alteration in PER2 levels as a result of tuning the MDM2’s regulatory loop should affect the circadian 

oscillator. Furthermore, we expect that this phenotype would be enhanced when alteration in MDM2’s 

activity is combined with inhibition of CK1. To test these hypotheses, we measured real-time 

bioluminescent rhythms in mouse embryonic fibroblast (MEF) cells in which the mouse PER2 gene 

(mPer2) was knocked-in and the luciferase gene inserted downstream; thus, mPER2 is expressed as a 

chimera protein with luciferase being fused in-frame to the C-terminus of mPer2 [named MEF
mPer2::LUC 

hereafter, {Yoo, 2004 #351}]. Further studies confirmed that MEF
mPer2::LUC

 cells maintain robust rhythms 

in luciferase activity for several days and the mPer2::LUC fusion protein show rhythms of accumulation 

and posttranslational modifications that mirror those described in vivo {Yoo, 2004 #351;Chen, 2009 

#345}. Thus, MEF
mPer2::LUC

 provides an in vitro model to study transcriptional and post-transcriptional 

events regulating circadian oscillations in vivo {Welsh, 2004 #350;Chen, 2009 #345;Lee, 2011 #343;Lee, 

2011 #344}.  
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Our initial studies focused on measuring the period length of the circadian oscillator in MEF
mPer2::LUC

 cells 

in which MDM2’s level was either augmented by its overexpression or silenced by siRNA targeting 

(Figs. 6A-B and Fig. S5A-C). In all scenarios, transfected cells were synchronized by dexamethasone 

before luciferase rhythms were recorded as indicated in the Methods section. Results show that whereas 

mock MEF
mPer2::LUC

-transfected cells were able to maintain robust and regular oscillatory cycles, 

MEF
mPer2::LUC

 cells overexpressing MDM2 exhibited a shorter period length (24.00  0.101 h vs. 23.38  

0.024 h, p<0.01), a result that is in agreement with the predicted reduction in PER2 levels (Fig. 6A and 

Fig. S5A) and likely impacts the amount of PER2:CRY complex available in the negative arm of the 

circadian feedback loop. Furthermore, transfections of MEF
mPer2::LUC

 with increasing amounts of myc-

MDM2 resulted in a dose-dependent shortening of the circadian period length by up to ~1.5h (Fig. S5B) 

that resulted significant even at low levels of myc-MDM2 transfection, suggesting that a tight regulation 

of MDM2 needs to be maintained under physiological conditions to ensure proper oscillation.  

Next, we challenged the model by hypothesizing that knockdown expression of MDM2 by siRNA 

transfection (named siMDM2) of MEF
mPer2::LUC

 cells should result in the converse phenotype and, thus, a 

lengthened period (Fig. 6B and Fig. S5C). Accordingly, siMDM2-transfected cells maintained seemingly 

undetectable levels of MDM2 even 96h after circadian synchronization and during kinetic luminescence 

imaging recording (Fig. S5C). In this context, our data show that downregulation of MDM2 expression 

resulted in significant lengthening of the circadian period (24.00  0.252 h vs. 25.05  0.398 h, p<0.05), 

confirming that MDM2 is required for normal circadian oscillations. Later, MEF
mPer2::LUC

 cells were 

treated with the cell permeable MDM2 inhibitor SN at a dose that i) prevented MDM2 auto-ubiquitination 

and degradation, and ii) did not affect cell viability (Fig. S5D-E). Synchronized MEF
mPer2::LUC

 cells were 

maintained in the presence of the inhibitor throughout the time course during bioluminescence recording 

(Fig. 6C). Average bioluminescence rhythms of SN-treated cells show a dramatic lengthening of the 

circadian period of ~2 h (24.00  0.158 h vs. 26.05  0.259 h, p<1x10
-5

), which closely resembles the 

result obtained when transfecting MEF
mPer2::LUC

 cells with siMDM2 (Fig. 6B-C), suggesting that control 

over MDM2’s activity remains a major point of regulation. Therefore, despite the fact that changes in 

MDM2 levels influence circadian oscillations, MDM2’s E3 ligase activity is actually the chief contributor 

to the observed phenotype. 

Lastly, we evaluated whether the combined effect of PF670 and SN on PER2 stability (Fig. 5A) results in 

a synergistic change in circadian lengthening (Fig. 6D). In this scenario, synchronized MEF
mPer2::LUC

 cells 

were maintained with either inhibitor, PF670 or SN or a combination of both (PF670+SN) and the long-

term effect in bioluminescence rhythms were simultaneously recorded throughout the time course 

analyzed. In agreement with Fig. 6C and {Zhou, 2015 #218} for PF670, treatment of MEF
mPer2::LUC

 cells 

with either inhibitor resulted in an increased circadian period length, although their combined effect was 

not additive and did not result in a non-significant difference when compared to PF-670 treatment alone. 

Overall, our findings support a model in which the interplay between E3 ligases, MDM2, and -TrCP1, 

with different substrate recognition specificities becomes relevant to the stability of a core regulator, 

PER2, of the negative feedback loop of the circadian cycle. Furthermore, our data show that CK1 and 

MDM2 activities play a relevant role in fine tuning the self-regulatory MDM2--TrCP1 loop and, 

consequently, the length of the circadian oscillation. 
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Discussion 

Timely degradation of regulatory proteins is essential for most aspects of cellular homeostasis and 

relevant to signaling processes involved in cell growth, proliferation, and survival. It is, therefore not 

surprising that malfunctioning of any aspect of the protein degradation process results in a wide spectrum 

of diseases and disorders [for review see {Schwartz, 2009 #354}]. Because the mammalian circadian 

rhythm also relies on the continuous cycle of protein synthesis and degradation for functioning, it is not 

exempted from problems associated with protein turnover dysregulation. Indeed, mice bearing loss-of-

function mutations or knock-down expression in genes encoding ubiquitin-modifying enzymes involved 

in regulating the clock (e.g., FBXL3, FBXL21, FBW1A, HUWE1, PAM, UBE3A, SIAH2) exhibit a 

phenotype where the free-running period of locomotor activity is longer, shorter, or dampened [for review 

see {Stojkovic, 2014 #352}]. As clock components control the expression of an array of genes involved 

in multiple cellular mechanisms, it is not surprising to find that alteration in their expression and 

accumulation is linked to various human diseases XXREFXXXX. This brings into consideration the 

relevance of PER2, a circadian component whose function lies at the intersection of the cellular response 

to DNA-damage {Gotoh, 2015 #206}, and whose turnover depends on its phosphorylation by CK1 and 

-TrCP1 binding, followed by ubiquitination and proteasomal degradation [see {Gallego, 2007 #55} and 

references within]. Whereas substantive research has made a compelling case for how PER2 accumulates 

and how its level modulates the function of the clock, it poses the question of whether PER2 turnover 

remains exclusively a -TrCP1 matter. And, whereas the answer could have certainly been affirmative, a 

seemingly unnoticed observation suggested to us that alternative scenarios should exist, as shown by the 

counterintuitive finding that PER2’s half-life was shorter in culture cells co-expressing the dominant 

negative forms of -TrCP1 and 2 (-TrCP1F and 2F) {Ohsaki, 2008 #126}. As a result, we turn to our 

findings that established that PER2 is able to form a trimeric complex with MDM2 and p53 {Gotoh, 2014 

#63} and asked whether MDM2 might play a role in PER2 stability. 

Our results show that PER2 binds MDM2 (PER2:MDM2) in a p53-independent manner in vitro and 

exists as a readily detectable endogenous complex in various cell settings (Fig. 1 and S1). Furthermore, 

binding of PER2 to MDM2 occurs in a region distinct from those identified for p53 binding and E3 ligase 

activity (Fig. 1), a result in agreement with the existence of the PER2:MDM2:p53 complex {Gotoh, 2014 

#63}. Next, we established PER2 as a novel substrate of MDM2 and, conversely, MDM2 resulted in a 

previously uncharacterized E3 ligase responsible for PER2 ubiquitination (Fig. 2). The relevance of these 

initial findings lay in the existence of an alternative mechanism to recognize and target PER2 for 

degradation that is independent of post-translational modifications. This is a non-trivial finding as, to the 

best our knowledge, all well-established E3 ubiquitin ligases acting on clock components only recognize 

phosphorylated substrates. This include, in addition to -TrCPs, the E3 ligases FBXL3 and FBXL21, 

which act on AMPK-mediated phosphorylated CRY1/2 {Lamia, 2009 #355}, HUWE1 and PAM, which 

act on GSK3-mediated phosphorylated REV-ERB {Yin, 2010 #356}, and UBE3A, which acts on 

GSK3-mediated phosphorylated BMAL1 {Sahar, 2010 #358}. The challenge of identifying novel E3 

ubiquitin ligases targeting clock components have led to the development of screenings that revolve 

around identifying enzyme-substrate binding or functional interactions {Ruffner, 2007 #360; DeBruyne, 

2015 #359}. Of these, the recent identification of the ubiquitin ligase Siah2, which regulates REV-ERV 

turnover, has been the most promising finding, yet, it remains to the domain of ligases that recognize 

phosphorylated substrates {DeBruyne, 2015 #359}. 
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We found that the accumulation and half-life of endogenous PER2 varied in scenarios in which MDM2 

levels or activity were modulated, which also altered the cell’s circadian period length (Figs. 2, 3, and 6). 

These findings raise the question of what the role of MDM2 would be, if any, in clock signaling. A 

glimpse of the possibilities emerged from previous findings showing that -TrCP1 targets MDM2 for 

degradation in a CK1-dependent fashion {Inuzuka, 2010 #329}. Furthermore, our data establish the 

existence of a feedback loop in which MDM2 targets -TrCP1 in a phosphorylation-independent fashion 

(Fig. XXX), and thus, two components of the core clock mechanism (-TrCP1 and CK1) were found at 

the crossroad of MDM2 regulation and a third one, PER2, was found to be a substrate. Consequently, it is 

reasonable to expect that the interplay among these proteins would likely provide a tight and fine-tuned 

regulation of PER2 levels and circadian rhythms (Figs. 5 and 6).  

 

We then asked, how would MDM2’s primary role as a PER2 regulator fit in the functioning of the actual 

mammalian clock mechanism when acting under normal physiological conditions. This is certainly a 

difficult question to address, especially considering that MDM2 distribution in normal cells is largely 

nuclear, that MDM2 could promote either mono- or poly-ubiquitination of substrates depending on its 

endogenous levels, and that rhythmic levels of MDM2 protein and transcripts are largely absent in 

unstressed cells [for review see {Marine, 2010 #367} and {Gotoh, 2016 #332}]. Whereas these well-

established premises create constraints around the possible function of MDM2 within the clock molecular 

mechanism, we propose a few scenarios for further consideration. For example, it is possible that, under 

physiological conditions, translocation of PER2 to the nucleus would initially result in mono-

ubiquitination events due to the low levels of endogenous MDM2 present in normal cells. In this model, 

mono-ubiquitination and time-of-day accumulation of CK1-dependent phosphorylation events in PER2 

may serve to prime the substrate for -TrCP1-mediated degradation. Indeed, it is not uncommon to find 

that the generation of polyubiquitination substrates targeted for proteasomal degradation require both 

priming of mono-ubiquitinated substrates and intrinsic E3 ligase activity of more than one enzyme as has 

been shown, for example, in the case of p53 {Grossman, 2003 #368;Lai, 2001 #369}. In a different 

scenario, our findings open the possibility of PER2’s stability being modulated by signals that converge 

in MDM2, for example those that respond to genotoxic and cytotoxic cellular stress, and for which a 

change in period length might provide a fitness advantage. Indeed, MDM2’s activity can be modulated by 

post-translational modifications, stability, localization, or binding and be exquisitely tuned by, for 

example, alteration in oxygen levels, exposure to low-dose radiation, and even slight changes in growth 

factor concentrations {Marine, 2010 #367}. Indeed, phase resetting of the mammalian circadian clock has 

been shown to occur in response to DNA-damage and metabolic stress in both cell cultures and animal 

models, a phenotype that is increasingly associated with the existence of crosstalk mechanisms between 

clock proteins and checkpoint components {Gotoh, 2015 #206;Oklejewicz, 2008 #127;Papp, 2015 

#371;Gaddameedhi, 2012 #372}.  

At this point, the role of MDM2:PER2 interaction in the mammalian system and within any of the 

scenarios described above remains largely within the domain of speculation and represents an area of 

active research in our laboratory. We expect that mounting biochemical, molecular, and genetic evidence 

will provide a conceptual framework within which we can understand how cells relate and respond to 

environmental perturbations, no longer in isolation, but in the context of multicellular systems. 
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Methods 

Bacterial two-hybrid screening. The two-hybrid interaction screening was performed using the 

BacterioMatch II system (Stratagene) following manufacturer’s instructions. A specific bait (pBT-PER2) 

and target plasmid pair from a liver library (pTRG cDNA library) were co-transformed with the bait 

vector plus the pTRG target vector. Selection was performed as indicated in {Gotoh, 2014 #63} and 

positive colonies were transferred from selective screening medium onto a dual selective screening 

medium plate containing 3-amino-1,2,4-triazole (3-AT) and streptomycin. The pBT-LFG2/pTRG-Gal11
P
 

co-transformant was used as a positive control whereas co-transformation of pBT-PER2 with either 

empty pTRG or pTRG-Gal11
P
 vectors were used as negative controls. All positive cDNA clones were 

isolated, sequenced, with some of them already having been reported, and their interaction functionally 

verified {Gotoh, 2014 #63}. 

Cell culture, transient transfections, and treatments. Human colorectal carcinoma HCT116 

[TP53(+/+), PER2(+/+)] and human non-small cell lung carcinoma H1299 cell lines were purchased from 

the American Type Culture Collection (ATCC) and propagated according to manufacturer’s 

recommendations. The H1299 cells contain a homozygous partial deletion of the TP53 gene that results in 

the absence of p53 expression. The HCT116 null-isogenic clone [TP53(-/-), PER2(+/+)] was obtained 

from XXXXXXXXXXX and maintained in McCoy’s 5a modified medium containing 50 U/ml of 

penicillin and 50 g/ml of streptomycin. The MEF
mPer2::LUC

 cells (kind gift of S. Kojima, Virginia Tech) 

were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS), 50 U/ml of penicillin, and 50 g/ml of streptomycin, and maintained at 37°C and 5% CO2. 

Plasmid transfections were performed at 50-80% cell confluency and optimized using Lipofectamine 

LTX (Invitrogen) and HyClone HyQ-RS reduced serum medium (ThermoFisher) following the 

manufacturer’s instructions. Vectors encoding for PER2, MDM2, MDM2(C470A), -TrCP1, or p53 had 

their corresponding cDNA cloned downstream of the indicated tag in pCS2+. Proteins were allowed to 

express for several hours before cells were either harvested or circadian synchronized. Synchoronization 

was by either serum shock {Balsalobre, 1998 #9} or dexamethasone treatment {Balsalobre, 2000 #269}. 

Lysates were from cells collected at the indicated times, with t=0 occurring just prior to cycloheximide 

(CHX, 100 g/ml) addition.  

For siRNA transfections, HCT116 cells were grown in McCoy’5A media containing 10% FBS and 

penicillin (50 U/ml) until reaching 60-80% confluency. Knockdown was optimized using Dharmafect 2 

reagent (GE Dharmacon) to deliver siRNAs targeting either MDM2 (5’-

GAGATTTGTTTGGCGTGCCAAGCTT-3’) or -TrCP1 (5’-

CGGAAACTCTCAGCAAGCTATGAAA-3’) following the manufacturer’s instructions. A scramble 

siRNA sequence with no homology to any known mammalian gene, served as control. Forty-eight hours 

after transfection, cells were serum shocked for 2 h after which the media was replaced with a serum-free 

version and cycloheximide was added. Samples were collected at different times after treatment and 

extracts were prepared in NP-40 lysis buffer containing 10 mM Tris-HCl (pH 7.5), 137 mM NaCl, 1mM 

EDTA, 10% glycerol, 0.5% NP-40, 80 mM -glycerophosphate, 1mM Na3VO4, 10 mM NaF, and 

1xprotease inhibitor cocktail (ThermoFisher). 

Lastly, endogenous levels of PER2 were monitored in HCT116 treated with CHX and incubated with 

sempervirine (named SN, 1g/ml, ChromaDex Inc.), PF670462 (named PF670, 1 M, Cayman Chemical 
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Co.), or a combination of both inhibitors throughout the time course analyzed. The vehicle (DMSO) was 

used as control. 

Immunoprecipitation and immunoblot assays. Immunoprecipitation of protein complexes were from 

either transfected cell extracts or in vitro binding reactions. Unless indicated, proteins were in NP-40 lysis 

buffer, and extracts (0.5-1 mg) were incubated by rotation for either α-FLAG M2 agarose beads (Sigma-

Aldrich) or α-myc (9E10) beads (Santa Cruz Biotechnology) for either 2 h or overnight at 4
o
C, 

respectively. In other cases, immunoprecipitations were carried out in a two-step procedure with extracts 

first being incubated with an uncoupled antibody (α-FLAG, α-myc, or α-PER2) overnight at 4
o
C before 

the addition of protein A beads (50% slurry; Sigma-Aldrich). Bound beads were washed four times with 

NP-40 lysis buffer before the addition of Laemmli buffer. Complexes were resolved by SDS-PAGE and 

immunoblotting using the specific antibodies indicated in each case. Primary antibodies were α-FLAG 

(Sigma-Aldrich), α-myc (Santa Cruz Biotechnology), α-PER2 (Sigma-Aldrich), α-MDM2 (Santa Cruz 

Biotechnology), α-β-TrCP1 (Cell Signaling Technology), and α-ubiquitin (Enzo Biomol). Secondary 

antibodies were horseradish peroxidase-conjugated α-rabbit or α-mouse IgGs (GE Healthcare and Cell 

Signaling, respectively) and chemiluminescence reactions were performed using the SuperSignal West 

Pico Substrate (Pierce).  

In vitro binding and epitope blocking assays. In vitro transcription and translation of either pCS2+myc- 

or –FLAG PER2, β-TrCP1, β-TrCP1F, MDM2, MDM2(C470A), and p53 were carried out using the SP6 

high-yield TNT system (Promega) following manufacturer’s instructions. As indicated in each case, 

aliquots (1-4μl) of the indicated recombinant proteins were pre-incubated for 15 min at room temperature 

to allow complex formation before adding NP-40 lysis buffer. Epitope blocking was performed by pre-

incubating in vitro the transcribed and translated FLAG-MDM2(C470A) with XXXXX g/ml of -4B11, 

-4B2, or –SMP14 antibody for 2 h at 4
o
C before adding recombinant myc-PER2. Binding reactions were 

allowed to proceed overnight at 4
o
C with rotation. In all cases, immunoprecipitation was carried out as 

described in the previous section. 

Protein pull-down assay. Various cDNA clones encoding fragments of PER2 (residues 1-172, 173-355, 

356-574, 575-682, 683-872, 873-1,120, 1,121-1,255) were cloned in pGEX-4T, expressed as recombinant 

GST-tagged proteins in E. coli strain Rosetta (Novagen), and purified using glutathione sepharose affinity 

chromatography following manufacturer’s instructions (GE Healthcare). Pull-down experiments were 

carried out using 5 g of each recombinant GST-tagged protein-bound beads, or an equivalent amount of 

GST bound glutathione beads as control, and 4 l of in vitro transcribed and translated [
35

S]-FLAG-

MDM2 in binding buffer containing 20 mM Tris-HCl (pH 7.4), 100 mM NaCl, 5 mM EDTA, and 0.1% 

Triton X-100. Reactions were incubated for 1 h at 4
o
C with rotation; after which, bead-bound complexes 

were washed with binding buffer containing either low (100 mM) or high (1M) salt concentration. Bound 

proteins were analyzed by SDS-PAGE and autoradiography.  

Ubiquitination and degradation assays. Aliquots (1-4 l) of in vitro transcribed and translated tagged-

proteins, or a combination of them, were allowed to bind before adding 1x ubiquitination buffer (Enzo 

Biomol), 2 mM dithiothreitol, 20 μg/ml ubiquitin-aldehyde, 100 μg/ml ubiquitin, 1x ATP-energy 

regeneration system (5 mM ATP/Mg
2+

; Enzo Biomol), 40 μM MG132 (Cayman Chemical Co.), and 1 

mg/ml of HeLa S100 lysate fraction (Enzo Biomol) to a final volume of 10 μl. Reactions were then 

incubated for 30 min at 37°C in a water bath; after which, NP-40 lysis buffer was added and ubiquitinated 

proteins were immunoprecipitated following the two-step protocol described in the section above.  
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Detection of ubiquitinatinated forms of PER2 in cells was carried out by co-transfecting HCT116 

[TP53(+/+), PER2(+/+)] cells with pCS2+FLAG-PER2 and either pCS2+myc-MDM2 or pCS2+myc-

MDM2(C470A) plasmids. Cells were maintained in complete media for 24h to allow for the recombinant 

proteins’ expression before adding 50 μM MG132 and ubiquitin aldehyde (5 nM). Cells were harvested 4 

h later and lysates were immunoprecipitated using α-FLAG antibody as described. Proteins were resolved 

by SDS–PAGE and ubiquitinated forms of PER2 were detected by immunoblotting using an α-ubiquitin 

antibody.  

To monitor protein degradation, in vitro transcribed and translated recombinant proteins were incubated 

in a reaction mixture containing ubiquitin and ATP-energy regenerating system but lacking MG132 and 

ubiquitin aldehyde. In addition, the HeLa S100 lysate fraction was replaced by a similar concentration of 

total cell extract enriched in 26S proteasome. Reactions were allowed to proceed for 30 min at 37°C 

before adding Laemmli buffer. Samples were resolved by SDS-PAGE and immunoblotting. 

Analysis of protein half-life. Accumulation and half-life of endogenous proteins in HCT116 cells 

extracts (20-80 g) was monitored by immunoblotting samples collected at different times after CHX 

addition as indicated elsewhere in the Methods section. Protein bands were quantified by immunoblot 

analysis using Bio-Rad ImageLab 5.1 software/Gel Doc XR+ system and values were normalized to 

tubulin levels. Unless indicated, the percentage of remaining protein was normalized to t=0 and the data 

fitted using Microsoft Excel.  

Real-time bioluminescence assay. Cells, MEF
mPer2::LUC

, were seeded in 35 mm dishes and circadian 

synchronized by dexamethasone treatment (100 ng/ml, 2 h). Following, the media was replaced by 

phenol-red-free DMEM containing 50 M luciferin and cells were allowed to stabilize in a LumiCycle 

32-channel automated luminometer (Actimetrics) placed in a 37°C incubator for 24 h before sempervirine 

(1g/ml), PF670462 (1 M), or both inhibitors were added. In these assays, bioluminescence was 

continuously recorded for at least 5 additional days and data were analyzed using the LumiCycle analysis 

software (Actimetrics). 

In other experiments, MEF
mPer2::LUC

 cells were transiently transfected with either pCS2+myc-MDM2 or 

siRNA MDM2 for 24 or 48 h, respectively before dexamethasone synchronization. Following media 

exchange, bioluminiscence was recorded at least 5 additional days. In each case, raw data was collected 

after dexamethasone synchronization (t=0) and for the remaining of the experiment. Raw data beginning 

t=24 h after synchronization was considered when calculating the circadian period length and phase using 

JMP Statistical Software (SAS Institute Inc). The fitted model was based on a nonlinear sine wave 

regression with additional linear and quadratic terms added to the trend and dampening as indicated in 

{Oklejewicz, 2008 #127}. 
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Figure Legends 

Figure 1. The circadian factor Period 2 directly interacts with Mdm2. A. A bacterial two-hybrid 

screening was developed to identify protein interactors of PER2 in vivo based on transcriptional 

activation. Positive clones encoding putative interacting proteins were maintained on LB Tet/Cam media 

(upper panel), and patched in His-dropout selective media containing either 3-amino-1,2,4-triazole (3-

AT, middle panel) or 3-AT and streptomycin (lower panel). Patches of co-transformants served as 

positive (pBT-LFG2 and pTRG-Gal11
P
) and negative (pBT-PER2 and pTRG empty vector) controls. B. 

Extracts from isogenic HCT116 cells were analyzed for the presence of endogenous PER2:MDM2 (left 

panels) or PER2:myc-MDM2 (right panels) complexes by immunoprecipitation using -PER2 antibody 

and blotting using the indicated antibodies. C. In vitro transcribed and translated tagged proteins (lanes 1 

to 7) were incubated and complexes were immunoprecipitated using -FLAG antibody. Complex 

components were identified by immunoblotting. D. Competition experiments were carried out by pre-

incubating FLAG-MDM2(C470A) with each of the indicated -MDM2 antibodies (-4B11, -4B2, -

SMP14) before adding recombinant myc-PER2. Protein binding was monitored in FLAG-bound beads by 

immunoblotting. E. Pull-down assay was carried out using recombinant GST-tagged PER2 protein 

fragments comprising various lengths of PER2 [GST-PER2(1-172), GST-PER2(173-355), GST-

PER2(356-574), GST-PER2(575-682), GST-PER2(683-872), GST-PER2(873-1,120), GST-PER2(1,121-

1,255)] and radiolabeled [
35

S]-MDM2. The GST protein was used as negative control. 

Figure 2. The E3-ligase MDM2 targets PER2 for ubiquitination and modulates PER2’s stability. A. 

XXXXXXXXXXXXXXXX. B. XXXXXXXXXXXXXXXX. C. In vitro transcribed and translated 

FLAG-PER2 was incubated with increasing amounts of recombinant myc-MDM2 [ratio of PER2:MDM2 

was of 1:0 to 1:5] in the presence of ubiquitin as indicated in the Methods section. The FLAG-PER2 

protein was immunoprecipitated and its ubiquitin-conjugated forms were detected by immunoblotting 

using -ubiquitin antibody. D. Cells, HCT116, were co-transfected with FLAG-PER2, myc-MDM2, myc-

MDM2(C470A), or empty vector (control, -) and maintained in the presence (+) or absence (-) of MG132. 

Cells were harvested and PER ubiquitination detected by immunoprecipitation using -FLAG antibody 

and immunoblotting with -ubiquitin (upper panel), -PER2 (middle panel), or -myc (lower panel) 
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antibodies. E. HCT116 cells were transfected with either empty vector (mock) or FLAG-MDM2 and 

proteins were allowed to express for 24h before adding cycloheximide (CHX, 100 g/ml, t=0h). Cells 

were harvested at different times after CHX addition and extracts analyzed for endogenous PER2 and 

MDM2, and FLAG-MDM2 levels by immunoblotting using specific antibodies. Tubulin was a loading 

control (lower panel). Protein levels of PER2 were quantified using ImageJ Software v1.45 and values 

normalized to tubulin levels. Graphs indicate the amount of PER2 remaining (in a.u.) plotted as a function 

of time (right graph panel). The curve was fitted using Microsoft Excel. Data are presented as mean ± 

SEM from three independent experiments performed in triplicate. Bar graph indicates PER2 and MDM2 

protein levels at t=0 in lanes 1 and 7. 

Figure 3. The interplay between MDM2 and -TrCP1 modulates PER2 turnover. A. HCT116 cells 

were transfected with si-MDM2 (25 nM), si--TrCP1 (25 nM), or a scrambled siRNA sequence (mock) 

for 48 h before CHX addition (t=0) as described in the Methods section. Cells were harvested at different 

times after CHX addition and extracts were analyzed for the expression of PER2, MDM2, and -TrCP1 

by immunoblotting using specific antibodies. Tubulin was a loading control (lower panel). Protein levels 

of PER2 were quantified and plotted as indicated in Figure 2E (right graph panel). Data are presented as 

mean ± SEM from three independent experiments performed in triplicate. Bar graph indicates PER2, 

MDM2, and -TrCP1 protein levels at t=0 in lanes 1, 7, and 13. B. Schematic representation of the 

regulatory MDM2:-TrCP1 loop. C. Cells, HCT116, were transfected with FLAG-MDM2, FLAG-

MDM2(C470A), or empty vector (mock) and the levels of b-TrCP1 and MDM2 proteins were monitored 

in extracts collected at different times after CHX addition. Tubulin was a loading control (lower panel). 

The level of -TrCP1 was determined for each experimental condition and graphs generated as described 

in Figure 2E. Data are presented as mean ± SEM from three independent experiments performed in 

triplicate.  

Figure 4. The E3-ligase -TrCP1 is a bona fide substrate of MDM2. A. In vitro ubiquitination 

reactions (lanes 5 to 12) were carried out using recombinant tagged proteins MDM2, MDM2(C470A), -

-TrCP1, and p53 as described in the Methods sections. Controls (lanes 1 to 4) were carried out in the 

presence of the indicated proteins (+), although the ubiquitination mixture was replaced by buffer (named 

– ubiquitination). Complexes were immunoprecipitated using an -FLAG antibody and samples resolved 

by SDS-PAGE and immunoblotting. Binding was detected using -myc and –FLAG antibodies (upper 

and middle panels) and ubiquitinated intermediates identified using an -ubiquitin antibody (lower 

panel). B. Schematic representation of the proposed network that modulates PER2 levels through the 

MDM2:-TrCP1 regulatory loop.  

Figure 5. The stability of PER2 increases as result of modulating the activity of the MDM2:-

TrCP1 loop. HCT116 cells were incubated with sempervirine nitrate (SN, 1 g/ml), PF-670462 (PF-670, 

1 M), a combination of both inhibitors, or DMSO (control) throughout the time course analyzed. Lysates 

were prepared from cells collected at t=0 and after CHX addition and proteins were resolved by SDS-

PAGE and immunoblotting using -PER2, -MDM2, and --TrCP1 antibodies. Tubulin was a loading 

control (lower panel). The level of PER2 was determined for each experimental condition and graphs 

generated as described in Figure 2E. Data are presented as mean ± SEM from three independent 

experiments performed in triplicate. 

Figure 6. The function of the E3 ligase MDM2 influences the circadian period length. A. 

MEF
mPer2::LUC

 cells were transfected with either pCS2+-myc (mock) or pCS2+-myc-MDM2 and proteins 
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were allowed to express before cells were circadian synchronized with dexamethasone and placed in a 

lumicycle instrument. The abundance of PER2::LUC was evaluated by monitoring luminescence intensity 

throughout 7 days (left panel). In other scenarios, MEF
mPer2::LUC

 cells were transfected with siMDM2 (B) 

or treated with sempervirine (SN, 1g/ml, C) before synchronization with dexamethasone and 

bioluminescence recording. D. Synchronized MEF
mPer2::LUC

 cells were incubated with sempervirine (SN, 

1g/ml), PF670462 (PF670, 1 M), or a combination of both inhibitors throughout the time course 

analyzed. For A, B, and C, bar graphs indicate the length of the circadian period calculated using JMP 

Statistical Software (right panel). For D, the circadian period length was calculated using the LumiCycle 

analysis software (Actimetrics). The vehicle (DMSO) was used as control. Values are the mean ± SEM 

from three independent experiments. Statistical significance was determined by t-test. ***p ≤ 0.001, *p≤ 

0.05. 

Supplementary Figure Legends 

Figure S1. In vitro binding studies of MDM2 and -TrCP1. A. H1299 cells were co-transfected with 

pCS2+myc-PER2, FLAG-MDM2, FLAG-MDM2(C470A), or FLAG--TrCP1 and extracts were 

immunopricipitated and bound proteins analyzed by immunoblotting using specific antibodies. B. 

Schematic representation of MDM2 constructs [MDM2(1-117), MDM2(1-230), MDM2(1-434), 

MDM2(117-497), MDM2(230-497), MDM2(434-497)] used in binding mapping experiments. An N-

terminus FLAG-tag is encoded in all MDM2 constructs. Structural and functional domains in MDM2 are 

indicated as boxes in the full-length representation. NES, nuclear export signal; NLS, nuclear localization 

signal. Epitope mapping of specific MDM2 antibodies are indicated as: 4B2, comprises residues 19-50; 

SMP14, comprises residues 154-167; and 4B11, comprises residues 383-491. C. HCT116 p53
-/-

 cells 

were co-transfected with pCS2+myc-PER2, myc-PER2(S662A), pCS2+3xFLAG-MDM2, or 3xFLAG-

MDM2(C470A). Cell extracts were incubated with -FLAG antibody and protein A beads (50% slurry) 

and bound proteins were identified by immunoblotting using -tag antibodies. D. In vitro transcribed and 

translated FLAG-MDM2 fragments were incubated with myc-PER2 and the complex was allowed to form 

before samples were immunoprecipitated using -FLAG antibody and protein A beads as indicated in the 

Methods section. The complex was then washed with increasing concentration of NaCl (100 mM, 250 

mM, and 500 mM) and bound PER2 was detected using -myc antibody. 

Figure S2. MDM2 promotes polyubiquitination of PER2 in vitro. In vitro transcribed and translated 

FLAG-PER2 and FLAG-p53 were incubated with myc-MDM2 in the presence of a reaction mixture 

containing ubiquitin, ATP-regenerating system, MG132, and an enriched fraction of E1 and E2 enzymes. 

FLAG-tagged proteins were immunoprecipitated and components were resolved by SDS-PAGE and 

identified by immunoblotting using specific antibodies. Ubiquitin-modified intermediates of PER2 and 

p53 were detected using an -ubiquitin antibody. 

Figure S3. Endogenous MDM2 interacts with β-TrCP1 in cells. Lysates from HCT116 cells were 

incubated with either α-MDM2 or IgG antibodies and endogenous complexes were immunoprecipitated 

and proteins detected using specific antibodies. 

Figure S4. MDM2’s level and activity influence circadian period length. A. In a parallel set of dishes, 

myc-MDM2 transfected MEF
mPer2::LUC

 cells were monitored for either PER2::LUC luminescence activity 

(Figure 6) or MDM2 protein expression (A). MDM2 was detected in lysates (40 g) 24 h after 
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transfection (t=-2), 2h after dexamethasone treatment (t=0), and at other times after synchronization 

(t=24, 40, 40.5, and 52 h) by immunoblotting using an -myc antibody. Mock indicates transfection with 

empty plasmid. B. MEF
mPer2::LUC

 cells were transfected with various amounts of pCS2+-myc-MDM2, 

synchronized with dexamethasone, and monitored for luminescence activity over time (left panel). The 

circadian period length for each treatment was determined using JMP Statistical Software (right panel). 

C. Knockdown expression of MDM2 in MEF
mPer2::LUC

 cells was confirmed by immunoblotting of lysates 

collected 24 and 48 h after siMDM2 transfection (25 nM), following dexamethasone addition (t=0), and at 

different times after synchronization (t=72 and 96 h). D. Cell viability was assayed in MEF
mPer2::LUC

 cells 

incubated with different concentrations of sempervirine (SN) for up to 7 days using an MTT cell viability 

kit following the manufacturer’s instruction (ThermoFisher). Values are the mean ± SEM from three 

independent experiments repeated in triplicate. E. Inhibition of MDM2’s degradation by sempervirine 

was tested in vitro using recombinant myc-MDM2 and myc-MDM2(C470A) and increasing 

concentrations of the inhibitor (0.5-4 g/ml) in a reaction mixture supplemented with ubiquitin as 

indicated in the Methods section. Samples were analyzed by immunoblotting and bands quantified using 

Image J software (bar graph). F. Summary of the circadian period length data obtained from the various 

treatment modalities included in Figure 6. 
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