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The ATR/CHK1 pathway is a kesffectorof cellular reponse to DNA damage and
thereforesisia critical regulator of genomic stability. While the ATR/CHK1 pathway is
ofteninactivated by mutation€€HK1 itself is rarelymutated in human cancers. Thus,
cellularievels ofCHK1 likely play a key role inhe maintenance ojenomic stability and
preventingtumorigerses Glucose deprivation is observed in many solid tumors due to
high glycolytic rates of cancer cells and insufficient vascularization, yet cancer cells have
devised mechanisms to survive in conditions of low glucose. Although CHK1

degradation through the ubiquitproteasome pathway following glucose deprivation has
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been previously reported, the detailed molecular mechanismain elusiveHere we

show that CHK1 isibiquitinated andlegraded upon glucose deprivation by the Skp1-
Cullin-F-box (B-TrCP) E3 ubiquitin ligaseSpecifically CHK1 contains $-TrCP
recognizable degron domain, which is phosphorylated by AMRKsponse to glucose
deprivation,allowing forp-TrCPto recognize CHKZIor subsequent ubiquitation and
degradation..Qur results pide a novel mechanisby whichglucose metabolism
regulates a DNA damage effegtandimply that glucose deprivation, which is often
found in solid tumor microenvironments, may enhance mutagenesis, clonal expansion,
and tumor progression by triggering CHK1 degradatldmtr oduction

Cancercells have a high rategbycolysis thathey rely on for the generation of ATP

even in'the presence of sufficient oxygen. Ths characteristiof cancer cells known as
the Warburg effecfWarburg, 1956; Annibaldi, 2010; Hanahan, 2013lucose levels in
solid tumeors, are relativelyl and poorly distributed due to high glycolytic rate of cancer
cells and.poor distribution of glucose as a result of insufficientawiganized
vascuarization(Skinner, 1990; Bergers, 2003). Although dependence on gltarose
growthmakes cancer celiailnerable to glucose deprivation, thexe still able to survive

in conditiens of low glucose. Previous studies have shown that diobeWearburg effect

of cancer metabolispsolid tumors areftenin alactic acidosisnicroenvironment,

which prolong cancecell survival under conditions of glucose deprivation (Denko,
2008; Wu,.2012)Furthermore, lactic acidosis alters cancer cell metabdlmen,
2008),4ndueces chromosomal instability (Dai, 2013), and promotes tumor angiogenesis
(Vegran;*2011)However mechanisticallyhow cancer cells survive low glucose
conditions and how these conditions promote tumorigenesis and metastatic

transformation remains largefyusive.

Checkpointikinase (CHK1) is aSer/Thr protein kinase that is involved in initiating
checkpoints duringhe cell cyclan response to DNA damagéHK1 is a key
downstream regulator of the atax@angiectasianutatedandRad3related kinase
(ATR) response pathway to DNA damage, and is phosphorylated directly by ATR
leading to its activation (Liu, 2000imilarly, checkpoint kinase ZHK?2) is
phosphorylatedy ataxia telangiectasia mutatg&llr M), and ativation ofthe CHK1 and
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CHK2 kinasedead tophosphorylation of downstreafactorsto triggercellular

responsed DNA damageincluding transcriptioal regulation, abnormal energy
consumption, celtycle arrest or delay, DNA repair, or cell deattder extensive DNA
damage conditions (Zeman, 2014). Inactivation of these checkpoint pathways are
associateavith tumorigenesis and malignant transformaiiBartek, 2003)However
CHK1 jtselfis rarely mutated in cancéZhang, 2014).tlis possible thaCHK1 loss-of-
function"mutations do not allow for clonakpansion of cancer cells, and therefore these
cellsdie off'early during tumorigenesis. FurthermdZ&lK1 overexpressiois associated
with tumor growth potentially through incresssurvival in response teeplication stress,
as well.assincreadeesistance to chemotherafghang, 2014), suggesting that CHK1
levels playra critical role during tumorigenesidiereforeijt is important to elucidate
mechanisticalljnow CHK1 protein abundance is control|gzhrticularly under
pathological tumomicroenvironment conditions, which could provide a sound rationale

for targeting tumors via correcting their growth environment.

CHK1 kinase activityis controlled through multiple pathways including phosphorylation
as welkas ubiquitination. In fact, these modifications have been shown to work in concert
to regulate the activation as well as subsequagativation througtidegradation of

CHK1. For inséince, activating phosphorylation®HK1 atSer!’ andSer*®in response

to DNA.damage and replication stress is also utilized by the E3 ubiquitin ligase
machineryto recogniz€HK1 as a substrate for ubiquitination and subsequent
degradationthereby tuning off the checkpoint signgZhang, 2005; Leung-Pineda,

2009; Zhang, 2009). In addition to regulatiorG¥K1 degradation in response to
genotaoxic stres$,HK1 is alsodegraded in response to glucose deprivation, which
appears.independent piiosphorylation aBerf!’ andSer* (Kim, 2011). WhileCHK1

has been_ previously shown to be targeted by a variety of E3 ubiquitin ligases including
CRL4 (CDT2) (Huh, 2013)SCF™® (zZhang, 2009), an6ul4A/DDB1 (Leung-Pineda,
2009} the E3 ubiquitin ligase responsible for regulai@igK1l under glucose deprivation
remairs elusiveThe inkage between reduc&HK1 functionality andjlucose

deprivation may provide an explanation, in péot,why the tumor microenvironment,

which often contains low glucose concentrations, enhances genomic instability and
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mutation rates during tumorigenesis (Yuan, 1998; Papp-Szabo, 2005; McGranahan,
2017).

Herewe reporthat anAMP-activated protein kinaséMPK)/betatransducin repeat
containingsproteinf{-TrCP) signalingpathway is involved in degradirf@HK1 under
glucose.deprivation conditionSpecifically, glucose deprivation activates AMPK, which

phoSphorylates CHK1 &er® for subsequerfi-TrCP binding and ubiquibation by

SCr T for targeted degradatio@ur study suggests that the AMREHK1-3-TrCP

axis plays a role in regulating cellular lewef CHK1 under tumor growth environments

thatfavortumorigenesis.

2 M aterialsand M ethods

2.1 Cell culture and transfection

HEK293, MDA-MB-231, SKBR3,and H1299 cells were cultured in DMEM high
glucosemedia(C11995500BTrom Gibcg containing 10% Fetal Bovine SerufBS),
1% penicillin/streptomycinFor glucose deprivatiome washedhe celktwice with PBS
followed byculturing cells inglucosefree DMEM media(11966-025rom Gibcg
containingl0%FBS, 1% penicillin/streptomycinand 1mM sodium pyruvate. Cell
transfections were performed using Lipofectamine 3@@Gs(RNA) or PolyJet In Vitro
DNA Transfection Reageitor plasmid DNA) AMPK double knockout@KO) MEFs
were provided by Dr. Zong-Ping Xia.

2.2 Antibodies and chemicals

Antibodies were obtained from commercial sourgésActin (A5441),FLAG (F1804

and F7425 from SigmaHA (11867423001 from Roche}JHK1 (8408 from Santa
Cruz),CUL1/(SCG11384 from Santa CruzZllEDDS8 (ab81264 from Abcam), BHK1
Ser280,(2347)CHK2 (2662), pAMPK Thrl72 (2535), AMPK (D5A2), ;AKT Ser473
(4060), AKT (4691), FERK Thr202/Tyr204 (9101)ERK (4696), pGSK33 Ser9

(9323), GSK3a/p (5676), pACC Ser79 8661), ACC(3676), PARP (9542B3-TrCP1

(4394), MEK1/2 (9216), and Vimentin (3390) (Cell Signaling Technology). Compounds
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were obtained from commercial sources: MLN49RB4036 from Apexbio), Compound

C (S7840 from Selleaten), AICAR (S1802 from Selleatherm), UCN-01 (ALX-380-

222-MC25 from Enzo Biochem), and LY294002 (L9908 from Sigma).

2.3 Constructs

The CHKI1-HA, B-TrCP1wild-type B-TrCPXAF plasmids wergreviously described
(Zhao,2011)The AMPK-WT-MYC-a2 and AMPKDN-MYC-al plasmid verea kind
gift from¥ DryyWei Liu and subcloned into pIREEGFP.Mutatiors were genetad using
QuikChange Sitd®irected Mutagensis KitAgilent) according to manufactursr’
instructions, FLAGFBXW?7, FLAG-SKP2and HisUbiqutin weredescribed previously
(Inuzukay2012; Dai, 2014; Li, 2016).

2.4 Immunopr ecipitation and | mmunoblotting

Forexperiment irFig. 2C, HEK293 were transfected with FLAG taggedrCP1,
FBXWY, or SKP2in pIRES2EGFP, and grown under glucose deprivation conditions
combinedwith 1M MG132 for 12 hr before harvestinGells were lysed in lysis
buffer (50-mM Tris-HCI, pH8.0, 150 mM NaCl, 0.5 mM EDTA, 0.5% NP-40)
supplemented with 1X Halt Protease and Phosphathgstor Cocktail (Thermo
Scientific) and incubated for 30 minutes at 4°C. Lysates were cleared by cetitifuaga
21,000 x.g for 10 minutes at 4°C. Cleargshltes weréghensubjected to
immunoprecipitationlP) with beadconjugated FLAG antibod{Sigma) with constant
rotatiop7at4°C for 4 hr. The immunoprecipitates were washed with lysis Buifees

for 5*minutes and assessed by immunoblottiBy (

Forexperiment irFig. 2D, eellsweregrown under normal glucose or glucose deprivation
conditions4egether with MG132 (20M) for 2 hr.Following lysis, IPs were carried out

by adding either 1Ql mouse IgG (2025 from Santa Crur)20ul CHK1 Ab (8408 from
SantaCru2) to each sample and incubating with constant rotation at 4°C for 16 hrs.
ProteinG beads (17-0618-01 from GE Healthcare) were added to each IP and incubated

for an additional 2 hrs at 4°C and subsequently assessed by IB.
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For direct IB analysis, cellsere washed twice in PBS alyded in RIPA buffer with

phosphatase inhibitors and protease inhibitor cocktail.

2.5 In viveubiquitination assay

HEK293 weretransfected with indicated plasmids and grown in gluéasemedia with
20 UM"MG132 for indicated times. Cells were then lysed in 6 M guanidine denaturing
solutionand'incubated witki-NTA resin(Qiagen) as described previously (Zhao,
2011).

2.6 In vitr okkinase assay

In vitro kinase assays were performed as previously desq$e@017)with minor
modifications Immunoprecipitated HASHK1 waseluted from HAagarose beadsy
incubating with80 ul (1mg/ml) HA peptidewhile shaking at 1100 rpm for 45 min &C4
HEK293'cells transfected witRLAG-vector or FLAGAMPK WT/DN and cultured in
glucose'free media for 1# before harvest. Immunoprecipitated FLAG-vector or FLAG-
AMPK"W/DN was incubated with HACHK1 (1 ul) in kinase reaction buffg60 mM

HERES,:80mM NaCl, 1 mM dithiothreitol, 0.0%o Brij-35, 0.1mM ATP, 0.3mM AMP,

and 25mM MgCl,) at 30C while shaking at 1100 rpm for 90in. Reactions were

stopped_ by addition of 15 loading bufferand boiled at 10T for 8 min. For reactions
involving compound C treatment, 293 cellsretransfected witltontrol vectoror
FLAG-AMPK WT for 48 hrs and pretreated with or without\2d Compound C for 1

hr. Cells'eultured in glucose free media were pretreatdid or without 20uM

Compound C for 4 hr before harveSells were processed and reactions were carried out

as described above.

2.7 RNA.isolation and RT-PCR:

RNA was isolated from cellgy Trizol followed by analysi$or CHK1 mRNA levels
usingSYBR Green RIPCR Kit(Thermo Fisher). The primeusedor g-PCRare as
follows: GAPDH: For AGGGCATCCTGGGCTACAC and Rev
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GCCAAATTCGTTGTCATACCAG;andCHKZ1: For
CTGCAATGCTCGCTGGAGAAT and Rev GGGCTGGTATCCCATAAGGAAAGA

Relative expression levels were determined by normalization to the housekeeping gene

GAPDH using the comparative Cﬁﬁc‘) method.

2.8 sIRNA"and shRNA silencing:

Cells were transfected with the following siRNA oligonucleotides by Lipofec&am
3000:siCtrikATTGTATGCGATCGCAGAGC sip-TrCP (recognizes botsTrCP1 and
S-TrCP2y»AAGTGGAATTTGTGGAACATC; siLKB1:
CATCTACACTCAGGACTTCAC siAKT1: TGCCCTTCTACAACCAGGA siCUL1L:
GGTCGETTCATAAACAACA

To knockdown AMPK, we utilized tweeparatshRNAs, one targeting AMPK al and
the other targeting AMPK a2. Each shRNA were individually packaged into lentivirus
and cells\were subsequently infected veitimixture of each lentivirgreparation.
Sequences-of thtMPK ol and AMPKa2 shRNAs are asflows, PRKAAL:
CAAAGTCGACCAAATGATA; PRKAA2: GCATACCATCTTCGTGTAAGA

All shRNA vectors were packaged itgativirus that weresubsequently incubated with
target cells followed by selection with puromycin (Invitrogen) to remove uninfectisd cel
Viral production, cellular transduction, and selection were performed as previously
describedliy 2016).

2.9 Detection of CHK 1 Phosphorylation SitesIn Vivo:

To map CHK1 phosphorylation sites in vivo, nanoscailerocapillary reversed phase
liquid chromatography tandem mass spectrometry MS&IMS). HEK293T cells were
transfected with HACHK1 without or with FLAGAMPK. 48 hours post-transfection,

cells were transferred tflucose-free media and 5 uM MG132 for 16 hours to trigger
AMPK activation but bbck the CHK1 degradation. Cells were then harvested, lysed and
HA-CHK1 was immunoprecipitated with agarasmjugated HA antibody (Sigma). HA-
CHK1 was then subjected to LK@S/MS as previously described (Gao, 2011).
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2.10 Subcellular Fractionation:

MDA-MB231, H1299 and 293T cells are cultured in normal glucose or in gldicese-
media for 3hr prior to harvest. Cells were fractionated into nuclear, cytoplasm and

membrane.fractions using the Cell Fractionation Kit (Cell Signalingiaoby, #9038).
Proteins were separated and immunoblotted as described above.

2.11 Statistical Analysis

Paired twetailed Student’s t test was usked statistical analysis for data presenteéiim.
4B.3 Results

3.1 CHK1 protein abundanceisreduced in response to glucose deprivation

Previous studies have shown tk&iK1 is targeted fodegradation following DNA
damage_ as well as under glucoservation(Kim, 2011) but detailed molecular
mechanismbehind this degradatisamains elusiveélNe firstassessethe regulation of
CHK1 protein abundance by glucose deprivatiobrigast cancer cell lines MDKB-

231 and,SK-BR3 anith the lung cancer cell line H1299 by growing cells in gludose-
mediasovela period of 20 hours. We fourtlatglucose deprivation reduced levels of
CHKZ1 proteinin each cell linestarting as early as 1 hr of glucose deprivation in MDA-
MB-231 and H1299 cells and was more pronouradtt 1620 hrs of glucose
deprivationin all cells testedvithout affecting the levels @HK2, AMPK, AKT, ERK,

or GSK3up(Fig. 1A). To assess if degradation of CHK1 was through a proteasome-
dependent pathway, each of the cell lines were placed under glucose deprivation and
treated with cycloheximide (CHX), in the absence or presence of the proteasome
inhibiter.MG132 and harvested at the indicated time points. We observed that tbe loss
CHKZ1 in.response to glucose deprivation was blocked by MG132 (FigThB3e
results.are consistentith recent resultslemonstratinghatglucose deprivatiofeads to
degradatn,of CHK1 (Kim, 2011) ineach of thecell lines tested.

Glucose deprivation or inhibition of glycolysis has been shovoatsancreased

degradation of HUR, Sp1, and Cyclin D1 through the E3 ubiquitin ligase beta-transducin
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repeatcontaining protein{-TrCP) (Wei, 2008; Wei, 2009; Chu, 2013-TrCPis a
member of theCullin-RING E3 ubiquitin ligase$CRL), which require neddylation of the
Cullin scafold protein for their activity. ierefore we treated cells with theddylation
inhibitor MLN4924 to determine if glucose deprivation was controldhK1
degradation through a CRiased mechanisriVe observed that MLN4924 treatment
blocked,theloss AEHK1 protein caused by glucose deprivation in the three cell lines
testedinados (Fig. 1G and time-dependent manné&id. 1D). By assessing the rate of
CHKZ1 ‘protein decline followingcHX treatment, which blocks new protein synthess,
found that MLN4924 blocked the effect of glucose deprivation on CHK1 protein
abundanceby prolonging tipeoteinhalf-life of CHK1 (Fig. 1E). These results indicate
that aCullin-RING E3 ubiqitin ligase regulates CHK1 stability in response to glucose
deprivation.

3.2 B-TrCPLlinteractswith CHK 1 to regulateits degradation in response to glucose

deprivation

Our results suggest that glucose deprivation reguiE&l protein abundance through
increasing its degradatiasia activating a CRL pathway. To determine whi@hlin is
involved in regulatingCHK1 degradation, we carried out tomunoprecipitation assays
to determinevhich Cullin scaffoldprotein interacted witiCHK1. Weassessed

interaction between CHK1 and each of the 7 Cullin factors, and foun@\theit
specifically interacted witHK1 in HEK293cells (Fig. 2A). Furthermore, depleting
CUL1 reduced the degradation of CHK1 in response to glucose deprivation (Fig. 2B).
Cullin 1 is a;scaffold protein for SkpQullin-F-box (SCH E3 ubiquitin ligase complexes,
which target-proteingor ubiquitination by recognizing and binding to degron domains in
substrate-molecules through the substrate recognition subunit (the F-box pritem)

the SCFcompxes(Lau, 2012)Of the~70 F-box proteins that function in SCF
complexesB-TrCP, FBXW7 (F-box/WD repeatontaining protein ){ and SKP2 (S-

phase kinasessociated protein) are thke most extensively studied and each have strong
links by their regulating numerous oncogenes and tumor suppressors for degradation

(Wang, 2014)Given that3-TrCP, asubstrate recognition protefior the SG& complex,
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has previously been showmregulate stabilitpf various proteins in response to glucose
deprivation (Wei, 2008; Wei, 2009; Chu, 2012) and fhatCP forms aSCFcomplex

with Cullin 1 (Zhao, 2013), we went on to tespTrCP also interacted witHK1. We
observed thgd-TrCPinteracted withCHK1, whereasotherkey F-box proteinghat serve

as a substrate recognition protein in SCF comp|ex@relyFBXW7 andSKP2, do not
interactwith€HK1 (Fig. 2C). More importantly, we observed that CHK1 interacted with
B-TrCRat the endogenous level, which was enhanced by culturing the cells under glucose
deprivation conditions (Fig. 2D). Furthermore, glucose deprivation also promoted
ubiquitination of CHK1 (Fig. S1), suggesting glucose deprivation resulted in enhanced

binding and subsequent ubiquitination of CHK1, promoting its degradation.

Moreover, depletion gf-TrCP1 and f-TrCP2 using asiRNA that targets both mRNAs
also blocked the loss @HK1 protein in response to glucose deprivatiig.(2E),

which wasdue in part to prolonging the h#k-of CHK1 (Fig. 2F). We also observed
that ceexpressingCHK1 with B-TrCP1resulted in an increase in ubiquitinatgzecies of
CHKJZ1, which was not observed when we expresdedna of B-TrCP1lacking the F-
Box domain(B-TrCPLAF) (Fig. 2G). B-TrCPLAF is a dominantiegative mutant that is
unable“torincorporate into the SCF ligiase but maintains the capacity to bind to its
substrategYamoah, 2008)These results combined indicate tB&tK1 interacts with,
and is ubiquitinated by3-TrCPin response to glucose deprivation, suggestingpthat
TrCP1lis amajorregulatory mechanism controllif@HK1 degradation due to glucose

starvation:

3.3 Degradation of CHK 1 islargely dependent on a B-TrCP degron domain

SCF complexes typically recognigabstrates for ubiquitination through bindioga
degronmatif in the substrate protenecognized by the substrate recognition protein, for
instanceB-TrCPtypically recognize substrate whidontaina DSGxX(x)S degron (Lau,
2012). By scanning theHK1 protein sequence, we found tkatiK1 contained &ighly

conservedmino acid sequence conforming to fRa&rCP degron motif consensus,
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(T/S)SGxxS (located at amino acids 279-284 in human CHKIg.(3A), whichis

similar to theclassical degrorecognized b-TrCP. Furthermore, it has been reutt
thatB-TrCP could binda TSGxxS motif (Setoyama, 2007). To assess the contribution of
the putativeg3-TrCP degron domain i®HK1 in regulating itdinding to, andlegradation
by, B-TrCPin response to glucose deprivation, we mutated key amino acids within the
degron‘domain, namelyer®® to alanine (S280ASer® to alanine (S284A), Thf° and
Ser®to alanine (T279A/S284A), a triple mutan{T279A/S280A/S284A), and
assessed interaction wighTrCP and stability of these CHK1 mutants. We found that
mutation,efthese conserved amino acids withinBtieCP degron motif reduced the
interaction of CHK1 with3-TrCPlunder glucose deprivation conditions (Fig. 3B

the contrary; mutating these same residues in CHK1 to glutamic acid (S to E) to mimic
phospherylation lead to both an increase in interactionwkhCP as well as an increase
in ubiquitination(Fig. SA-B). Furthermore, when wsubjected cells tglucose

deprivation in the presence GHX wherewe observed that the muta@HK1 had a
prolonged half-life in response to glucose deprivatkig.3C andFig. S2Q. Finally,
mutation-oftheg3-TrCP degron domain i®HK1 resulted in a decrease@K1
ubiquitinationin cells(Fig. 3D). These result®gether indicate thgt-TrCPregulates
CHK1 degradation in response to glucose deprivation by bindin@{or&P degron
domain withinCHK1.

3.4 AMPK regulates glucose deprivation-induced degradation of CHK 1

AMPKsis'a'key energy sensor and is activated under a variety of conditions including
glucose starvation (Laderoute, 200&)d is composed of a catalytiesubunit and two
regulatory subunitg3(andy)(Hardie, 2012). Upon reduction in cellular energy levels,
AMPK premotes ATP production by increasing the expression and activity of factors
involved,in catabolism while conserving energy by reducing biosynthetic pathways
(Hardie, 2012)To determine if AMPK activity is important faegulating glucose
deprivation-induced degradation®HK1, we treated cells undergoing glucose
deprivation withthe AMPK inhibitor, Compound C (Hawley, 2002). Inhibiting AMPK
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by Compound C, which led to the expected reductiohGR phosphorylation, greatly
reduced the loss @HK1 in response to glucose deprivatiorMDA-MB-231 and
H1299 cells Fig. 4A). We did not observe a change@HK1 protein levels in response
to glucose deprivation when we inhibite8K/AKT pathwaywith LY294002 Fig. S3A-
B). Regulation ofCHK1 by Compound C was not dueachange irCHK1 mRNA (Fig.
4B), suggesting that pretreatimgth Compound C reducedHK1 through a post-

transcriptionamechanism.

To assess if the effect of Compound C treatmer@ldK1 stabilitywas through its
regulationsof AMPK we next assess€HK1 stabilityin cells whereAMPK is depleted

or knockedroutTo deplete AMPK, we used two shRNAs targetidgPK ol and

AMPK 02, reéspectively. shRNAs targeting AMPK ol and AMPK a2 were each

packaged into lentivirus, and cells were infected with beithiviral preparations together
to acheve knockdown of both AMPK ol and AMPK o2. MDA-MB-231 cellswere
depletedioAMPK andassessed faZHK1 levels following glucose deprivation.aV
observed that depletion BMPK blocked, in part, the reduction @HK1 triggered by
glucose.deprivationHig. 4C), whereasve did not observe any effect on CHK1 protein in
response to glucose deprivation when we deplekerdL (Fig. S3C). A similar
stabilizationof CHK1 in response to glucose deprivation was observed in MEFs that
have both AMPK1 andAMPK2 knocked outig. 4D). Similarly, when we depleted
LKB1, andwupstream activator of AMPK, we observed reduced degrada@ikdf in
response:to glucose deprivation in MDAB-231, SK-BR3, and H1299 cellBif. 4E),
consistenwith the notion that the AMPK pathway is involved in regulating CHK1

degradation.in response to glucose deprivation.

We next set out to determine if the small molecule activator of AMPK, AICAR, would
increasesthe degradation©HKL1. By pretreating SK-BR3 and H1299 cells with
AICAR"andsubsequently treating with cycloheximide under normal glucose conditions,
we observed that activation of AMPK increased the ra@HK1 degradatiomn cells

(Fig. 4F). Furthermore, by depletiggTrCP1 ands-TrCP2 in SK-BR3 and H1299 cells,

we found that the ability of AICAR treatment to promote the degradation of CHK1 was
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dependenbnthe presence @f-TrCPland/orp-TrCP2 (Fig. 4F).Our resultgherefore
indicate that glucose deprivation regulai#4K1 degradation through increasing the
activity of AMPK, suggesting that AMPK may regulate the abilitp-afrCPto target

CHKZ1 for degradation, but the underlying mechanism remains elusive.

3.5 AMPK«phesphorylates CHK 1 in the B-TrCP degron domain

Recently the transription factor Glil, which is increased in many human tumors, was
shown'to be regulated lan AMPKB-TrCP pathway(Zhang, 2017)AMPK was shown

to regulate the phosphorylatia Glil, enhancing the binding betwe&til andp-TrCP

and the subsequent ubiquitination of Glil. In addition, by analyzing the protein sequence
of CHK1, Sef*’lies withinan AMPK consensus phosphorylation si®xS/T) (Gwinn,
2008; Zhang, 2016).0 determine iICHK1 phosphorylation is increased in response to
glucose'deprivation, we grew MDIMB-231 and SKBR3 cells in either glucose
containing or glucose-free conditions in which the degradati@H#f1 was blocked by
treatment wh MG132. Under these conditions wieserved an increase in
phosphorylation o€HK1 onSef®°in both cell lines following glucose deprivatiofid.

5A andkig-S4A). We next performed this assay in the presence of the inhibitor of
AMPK, Compound C, and found that inhibiting AMPK blocked the glucose deprivation-
inducedvinerease IGHK1 phosphorylationKig. 5B). To determine if AMPKpurified

from céllscan directly phosphorylateHK1, we pulled-down AMPK and incubated with
CHKZ1 in anin vitro kinase assay. We found that AMPK pulled-down from ceés able

to phosphorylat€HK1, which was dependent on AMPK activity as phosphorylation was
reduced.by.expressing a dominant negative version of AMPK, as well as inhibited by
pretreatment with the AMPK inhibitor Compound C (Fig. S&)rthermorgeusing mass
spectrometry to identify residues on CHK1 that are phosphorylated by AM&K,
identified that phosphorylation on Ser284 was induced following co-expression with
AMPK (Fig:*6D).In addition, AMPK is primarilylocated in the cytoplasm and CHK1 is
thoughtto be residd mainlyin thenucleuswhile B-TrCP1 and B-TrCP2are locatedct
nucleus and cytoplasm respectivlassot,2001). In ordeto assess whether all of these

threeproteinsinvolved in regulating CHK1 degradation in response toaga
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deprivation are localizedtthe same subcellular compartment, we isolated nuclear and
cytoplasmic fractionsand observed that AMPKdireside mainly in the cytoplasmic
fractions under normal glucose and gluctse-conditions. InterestinglzHK1 was
present irboth cytoplasmic ad nucler fractionsregardless oflucose conditions (Fig.
S4B). Given thatSef®°and Se®* arewithin the B-TrCP degron domaif CHK1, these
results suggest that AMRKediated phosphorylation may directly promote the
degradation o€CHK1 by B-TrCPwithin the cytoplasm

3.6 Degradation of CHK 1 is associated with reduced cell death in responseto

staurogporine

CHK1 is a critical regulator of cetleath, and therefore we assessediHK1 stability

and cell.death in response to treaht ofMDA-MB-231 and SKBR3 cells with the
kinase.inhibitor UCND1, a staurosporine analog. We found that treating cells with
increasing concentrations of UCN-01 lead to an increa€&lK1 degradation and which
was furtherexacerbated in cells grown underageaeprivation, resulting in enhanced
cellularssurvival as marked rgduced levels afleaved PARRFig. 5E). Enhanced cell
survival in response to UGN due to glucose deprivation was reversed by ectopic
expression of CHK1 (Fig. 5E). Our results therefore indicate that glucoseataypr]
which Is,observed in many solid tumors, promotes the degradat{oidkt through an
AMPK/B-TrCP pathway to promote cell survivatig. 5F).4 Discussion

CHKZ1 is a criticallyimportant regulator of genomic integrity and therefore
tumorigenesis. In this present study we have identifieddRdt1 protein stability is
alterediduring glucose deprivation, where the hfdfoef CHK1 is decreased in response
to low glucese. These nalts are consistentith previous studies demonstrating
increased-degradation GHK1 in response to glucose starvation (Kim, 2011), however
the melecular mechanisms controlli@$iK1 in a glucose-dependent manner have
remained-elusive. Here we report thatesgonse to glucose deprivatiéiviPK
phosphorylate€HK1 at Se?®° within thep-TrCPdegron motif. Phosphorylated CHK1 is
then recognized by-TrCP, followed by CHK1 ubiquihation and degradatioQur
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results definehe AMPK-CHKZ1-B-TrCP axis in regulatioof CHK1 levelsunder glucose

deprivation conditions

We found that CHK1 harbors a noncanonfgdirCP degron motif, which when all three
potentialphosphorylation sites are mutated, leads to an increase in protein stability in
response.to glucose deprivation. Interestingly we observed that the 8288#on of

CHK1 had little or even anpposite effect oprotein stability(which was observed in
particular in the triple mutaptHowever, this triple mutant had reduced binding with, and
ubiquitination by -TrCP (Fig. 3B-D). We suspect that thiscrease in degradation with

this mutationmay be due to altered subcellular localization due to phosphorylation at
Sef®® which has been shown tiaggernuclear localiation of CHK1 (Li, 2012).

Therefore, itiis possible that this particular mutation may lead to an increased association

with other-E3 ubiquitin ligases targeting CHK1 leading to its reduced stability.

Glucose sensing pathways have also been shown to regulate the ability of lBubiq
ligases to recognize and target proteins for ubiquitination and degradation. Glucose
deprivation or inhibition of glycolysis leads to decreased stability of HUR, Sp1, and
Cyclim’D1 through ubiquitination and subsequent degradation regulated by the E3
ubiquitin ligaseB-TrCP (Wei, 2008; Wei, 2009; Chu, 2012y addition, AMPK, which

is activatedsby low ATP levels, is also activated in response to low glucosey(Ztd.7;
Lin, 2018) Interestigly, AMPK activity has been shown to regulate the abilit}-of
TrCPto recognize and ubiquitinate Glil, a transcription factor that is involved in

regulating glioblastoma tumorigenesis (Zhang, 2017).

Our finding thaf3-TrCPtargetsCHK1 during glucose deprivation adds to a growing list

of B-TrCPsubstratethat are targeted by thisS8Eibiquitin ligase in a glucose-dependent
manner, including HUR, Sp1l, and Cyclin D1 (Wei, 2008; Wei, 2009; Chu, 2012). In
addition, we'have shown that tA&PK pathway a critical energy sensor, targétsiK1

for phosphorylation under glucose deprivation, suggesting that an AMBRK/P

signaling axis may be a central component of cellular response to low glucose conditions.

It would beof interest to assess whether AMPK is also involvedkirig glucose levels
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to degradation of HUR, Sp1 and Cyclin D1BY¥rCP. In addition, given a potential role

for anAMPK/B-TrCP pathway regulating Glil (Zhang, 2017) it would be interesting as
well to test whether Glistability is also regulated by glucose levels, as we have observed
for CHKL1. The fact that we saw limited effect by modulating Akt was somewhat
surprisingras S&* has been previously shown to be an Akt phosphorylation site in

CHK1 (Pue; 2005). However, one might speculate that given the degron requires multiple
phoSphorylation sites, thahosphorylation at S&° alone under Akt activation

conditions might not be sufficient to drive recognitionfyrCP, or alternatively Akt-
mediated phosphorylation may occur in contexts that do not allo¢ TOCP interaction.
However/one might speculate that other signal transduction pathways may regulate
CHKZ1 degradation either in a cell type specific or context-dependent manner, and
therefore assessing additional kinase pathways may be of interest to elucidate more

clearlyshewp-TrCP may be regulataghder various conditions or contexts.

5 Conclusions

In summary, solid tumors exhibit glucose deprivation conditituesto increased glucose
consumptien as well as disorganized vascularizgttamner, 1990; Bergers, 2003).

Given their.dependence on glucose for energy production, cancer cells must find ways to
survive under these conditions, and how they do so has remained largely unknown. Here
we showsthaCHK1, which is a critical regulator of genomic integrity due tadlg in
regulating DNA damage cheadtint signaling, is downregulated under glucose

deprivation conditions through an AMBKTrCP degradation pathway. Our studhises

the possibility that under glucose deprivation, a hallmark of solid tyroelts are
allowed:te-continue cycling in an unchecked state leadiggeatergenomicinstability

and increase in mutation burden to promote cancer development.
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Supplemental | nformation

Fig. S1: Glucose deprivation induces ubiquitinatiofCéfK 1.

Fig. S2: Degradation of CHK1 is largely dependent @aTaCP degron domain.

Fig. S3: Inhibition of AKT does not influence glucose deprivation-induced
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CHK1 degradation.

Fig. S4: CHK1 is phosphorylated by AMPK upon glucose deprivation.

Figurek egends

Fig."1. Cullin RING E3 ligases control CHK 1 stability in response to glucose
deprivation:(A) MDA-MB-231, SK-BR3, and H1299 cells were grown in normal
glucose and glucoseee media and harvested at indicated times. Following lysis, protein
was searated on SDS-PAGE and immunoblotted for CHK1, CHKAMPK, t-AMPK,
p-AKT "AKT, p-ERK, tERK, pGSK3B, t-GSK3u/f, and ACTIN.(B) MDA-MB-231,
SK-BR3, and H1299 cells weteansferred t@lucosefree mediacontainingl00mg/ml
cycloheximide (CHX) and either DMSO or 101 MG132 and harvested at indicated
times. Following lysis, protein was separated on SDS-PAGE and immunoblotted for
CHK1gand ACTIN.,(C and D) MDA-MB-231, SK-BR3, and H1299 cells were grown in
normal glu€ose and glucose-free media with increasing concentrations of MLN4924 for
12 hrs(€).or with either DMSO or 1M MLN4924 for indicated times (D). Following
lysisgprotein was separated on SDS-PAGE and immunoblotted for CHK1, NEDDS, and
ACTIN. (E) MDA-MB-231, SKBR3, and H1299 cells were glucogee media witHL00
mg/ml eyeleheximide CHX) and either DMSO ot uM MLN4924 and harvested at
indicated times. Following lysis, protein was separated on BASGE and

immunoblotted for CHK1, NEDDS8, and ACTINt-“ denotes antibodies that recognize

total protein rather than a specifically modified version.

Fig. 2. SCFi " targets CHK 1 for degradation under glucose deprivation. (A)
HEK293-cells were transfected with vectors encoding indicated FladygGedCullin
proteins. Cells were lysed and immunoprecipitated with agarose conjugated FLAG
antibody. Immunoprecipitates and whole cell extracts were separated oRAESand
immunoblotted for CHK1, FLAG, and ACTINB) MDA-MB-231 and H1299 cells
transfected with sitel or siCUL1 and grown in glucoseee media witllOOmg/ml

cycloheximide (CHX) for indicated times. Cells were harvested, lysedpentein
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separated on SBBAGE and immunoblotted for CHK1, NEDDS8, and ACTI(S)

HEK293 cells transfected with empty vector, FLAGFCP1, FLAG-FBXW?7, or
FLAG-SKP2, and grown in glucogese media and treated with 10M MG132 for 12

hrs. Cells were lysed and immunoprecipitated with agarose conjugated FLAG antibody.
Immuneprecipitateand whole cell extracts were separated on-BBSE and
immunobletted, for CHK1, FLAG, and ACTIND) MDA-MB-231, SK-BR3, and H1299
weretreated withnormal glucose or glucogeee mediaalong with 20uM MG132for 2

hrs beforeharvest Cells were lysed and immunoprecipitated with either IgG or CHK1
antibody. Immunoprecipitates and whole cell extracts were separated oRAESand
immunoblotted fo3-TrCP1, CHK1, and ACTIN(E) MDA-MB-231, SK-BR3, and

H1299 cells transfected with siCar si3-TrCP1+2 and grown in glucos&ee media for
indicated times. Cells were harvested, lysed, and protein separated ¢hPARIESand
immunebletted for CHK1B-TrCP1, and ACTIN(F) MDA-MB-231, SK-BR3, and

H1299 cells transfected with siCtrl o8sTrCP1+2 and grown in glucos&ee media with
100mg@/ml CHX for indicated times. Cells were harvested, lysed, and protein separated
on SBDS-PAGE and immunoblotted for CHKETrCP1, and ACTIN(G) HEK293 cells
were transfected with H&HK1, FLAG-B-TrCP1WT, FLAG-B-TrCP1AF, and HisUb

as indicated. Cells grown in glucokee media and treated wig® uM MG132 for 5.5

hrs were lysed under denaturing conditions and Ub conjugated proteins were pulled down
with Ni-NTA resin. Pull downs and whole cell exttagvere separated on SIPAGE

and immunablotted for CHK1, FLAG, HA, and ACTIN.

Fig.3rDegradation of CHK 1 islargely dependent on a B-TrCP1 degron domain. (A)
CHK1'has a putativp-TrCP1degron motif at amino acid 27BBGGVS284 in human,
which is conserved amomnvgrtebrates(B) Diagram of mutants ¢8-TrCP1degron motif
in CHK1 tested in panels B-D (Top). HEK293 cells transfected with empty vector,
FLAG-CHK1 WT, FLAG-CHK1 S280A FLAG-CHK1 S284A0or FLAG-CHK1
T279A/S280A/S284A (3A). Cdlwere then transferred to glucdsee media and treated
with 20 uM MG132 for 6 hrs. Cells were lysed and immunoprecipitated with agarose

conjugated FLAG antibody. Immunoprecipitates and whole cell extracts werea e
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on SDS-PAGE and immunoblotted f#TrCP1, FLAG, and ACTIN (Bottom) Q)

HEK293 cells were transfected with FLAGHK1 WT or FLAG-CHK1 T279A/S284A,
HA-CHK1 or HA-CHK1 T279A/S280A/S284A, or HA-CHK1 S280A and grown in
glucosefree media with100mg/ml CHX for indicated times. Cells were harvested,

lysed, andsprotein separated on SDS-PAGE and immunoblotted for FLAG and ACTIN.
(D) HEKZ293 cells were transfected withA-B-TrCP1 with FLAG-CHK1, FLAG-CHK1
S280A,FLAG-CHK1 S284A,0r FLAG-CHK1 T279A/S280A/S284A, and Hidb as
indicated. Cells were grown in glucoBee mediaalongwith 20 uM MG132 for 6 hrs,

and were lysed under denaturing conditions. Ub conjugated proteins were pulled down
with NiENTA resin. Pull downs and whole cell extts were separated on SBAGE

and immunoblotted for HA, FLAG, and ACTIN.

Fig. 4. lmhibition of AMPK blocks glucose deprivation-induced CHK 1 degradation.

(A) Indicated cells growing in glucose containing media and treated with or without
Compound C at 2QM (MDA-MB-231 cells) or 4QuM (H1299 cells) for 1 hr, then
transferred into glucosteee media with Compound C at the dose indicated above for 3.5
hrs, upomswhich tim€HX was added ta00mg/mlfor indicated times. Cells were
harvested, lysed, and peit was separated on SIPAGE and immunoblotted for

CHK1, pACC, and ACTIN,(B) Cells treated as ifA) were harvested prior to CHX
treatment-and RNA was extracted and subjected t®8R forChekl. Datagenerated

from three independent replicates, error bars represent SEM, and a pattedddo
Student’st test was used to assess statistical signifiq@)ddDA-MB-231 cells were
transfected withsCtrl or a mixture of SRNAs targetingAMPK a1 and AMPKa2.
Cells,were.transferred glucosefree mediaand harvested adicated times following
addition'of200 mg/mICHX. Cells were harvested, lysed, and protein separated on SDS-
PAGE"and immunoblotted for CHK1,ACC, tACC, pAMPK, t-AMPK, and ACTIN.

(D) WT and Double AMPK KO (DKO) MEFs where grown in glucdasee media for
indicated timesvith 100 mg/mICHX. Cells were harvested, lysed, and protein separated
on SDS-PAGE and immunoblotted for CHK1AMPK, t-AMPK, and ACTIN.(E)
MDA-MB-231, SK-BR3, and H129%ds were transfected with siCtrl or siLKB1 and

grown in glucosdree media for indicated timesith 100 mg/mICHX. Cells were
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harvested, lysed, and protein separated on SDS-PAGE and immunoblotted for CHK1,
LKB1, p-AMPK, and ACTIN.(F) SK-BR3 and H129%ells expressing siCtrl orfsi
TrCPL+2 were treated with DMSO or 0.5 mM AICAR for 12 hrs and subsequéhily

was added to 10@g/ml for indicated times. Cells were harvested, lysed, and protein was
separated-on SBDBAGE and immunoblotted for CHK1,ACC, tACC, B-TrCP1, and
ACTIN.

Fig. 5. CHK1 isphosphorylated by AMPK upon glucose deprivation to govern

cancer cdl survival. (A) MDA-MB-231 cells were grown in normal glucose and
glucosefree media in the presence of 10l MG132 and harvested at indicated times.
Following‘lysis, protein was separated on SDS-PAGE and immunoblottedidKp-
(S280), tCHK1, and ACTIN.(B) MDA-MB-231 cells prareated with either DMSO or

Compound.G20uM) for 1 hr ,and then transferred into glucdese media with

Compound C at the dose indicated above for 3.5 hrs , followed by addition of MG132 to
a final concentration of 10M and harvestd at indicated times. Following lysis, protein
was separated on SEFBAGE and immunoblotted for pHK1, +CHK1, pACC, tACC
and'ACTIN.(C) HEK293 cells were transfected with empty vector, FLABPK a2

WT, ELAG-AMPK o1 Dominant Negative (DN)r HA-CHK1. Cells were lysed and
immunoprecipitated with agarose conjugated FLAG antibody and HA antibody.
Immunoprecipitates were processed and incubated together in an in vitro kingse assa
the absence or presence of Compound C as indicatexsabsicribed in the materials

and methods section. Proteinsreseparated on SBBAGE and immunoblotted for p-
CHK1{HA, and FLAG. D) Schematic diagranmcludingpreviously identified
phosphorylation sites in CHK(iop)(Goto, 2015) of detected phosphorylation sites of
CHK1 in the absence (middle) presencébottom)of ectopic expression of AMKP as
described in the materials and methd#&s.Indicated cellectopically expressing control
vector or,FEAGCHK1 were grown in glucose containing or glucdsse media with
increasing.concentrations of UCN-01 for 9 HvEDA-MB-231) or 6 hrs$K-BR3).
Following lysis, protein was separated on SDS-PAGE and immunoblotted for PARP,
CHKZ1, and ACTIN.(F) Diagram depicting regulation of CHK1 degradation under
glucose deprivation by an AMPB/TrCP pathway.
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