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Abstract

Preventing neuronal death is a priority for treating neurological diseases. However, therapies that

inhibit pathological neuron loss could promote tumorigenesis by preventing the physiological

death of cancerous cells. To avert this, we targeted the transcriptional upregulation of p21waf1/cip1

(p21), an endogenous tumor suppressor with neuroprotective and pro-regenerative activity. We

identified potential p21 indcuers by screening a FDA-approved drug and natural product small

molecule library against hippocampal HT22 cells stably expressing a luciferase reporter driven by

the proximal 60 bp of the p21 promoter, and tested them for neuroprotection from glutathione

depletion mediated oxidative stress, and cytotoxicity to cancer cell lines (DLD-1, Neuro-2A, SH-

SY5Y, NGP, CHLA15, CHP212, and SK-N-SH) in vitro. Of the p21 inducers identified, only

ciclopirox, a hypoxia-inducible factor prolyl-4-hydroxylase (HIF-PHD) inhibitor, simultaneously

protected neurons from glutathione depletion and decreased cancer cell proliferation at

concentrations that were not basally toxic to neurons. We found that other structurally distinct

HIF-PHD inhibitors (desferrioxamine, 3,4-dihydroxybenzoate, and dimethyloxalyl glycine) also

protected neurons at concentrations that killed cancer cells. HIF-PHD inhibitors stabilize HIF

transcription factors, mediating genetic adaptation to hypoxia. While augmenting HIF stability is
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believed to promote tumorigenesis, we found that chronic HIF-PHD inhibition killed cancer cells,

suggesting a protumorigenic role for these enzymes. Moreover, our findings suggest that PHD

inhibitors can be used to treat neurological disease without significant concern for cell-

autonomous tumor promotion.
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Introduction

Therapeutics aimed at preserving neurons, preventing secondary apoptosis, and promoting

regeneration in chronic neurodegenerative conditions will require long-term administration.

As these agents may directly modulate cell survival or cell death pathways, they pose the

risk of increasing tumor formation and carcinogenesis. To overcome this potential

complication, we have conducted an unbiased screen for small molecules that upregulate the

transcription of p21waf1/cip1 (p21 hereafter), a target which has been associated with

neuronal protection and suppression of tumor growth.

p21 is a member of the Cip/Kip family of cyclin-dependent kinase (Cdk) inhibitors that

negatively modulates the cell cycle by binding and inhibiting cyclin-Cdk complexes or

blocking DNA synthesis by binding the proliferating cell nuclear antigen. Induction or

ectopic expression of p21 can inhibit mitotic cell proliferation and cause the terminal

differentiation of some cell types. As a transcriptional target of p53, p21 mediates cell cycle

arrest following DNA damage. As such, p21 is an important regulator of proliferation during

development, differentiation, and tumorigenesis (Gartel and Radhakrishnan, 2005).

Paradoxically, p21 can suppress apoptosis by stalling the cell cycle to allow DNA repair

before critical transitions, and, independent of Cdk inhibition, can directly block

proapoptotic effectors in the cytosol such as apoptosis signal-regulating kinase 1 (Gartel and

Tyner, 2002).

p21 has been reported to prevent apoptosis in cell cycle-dependent and -independent models

of neuron death. Nerve growth factor (NGF) deprivation of sympathetic neurons causes

apoptosis secondary to cell cycle reentry, which can be blocked by overexpressing p21 (Park

et al., 1997). As markers of aberrant cell cycle activation are expressed by the vulnerable

neurons in many neurological diseases (i.e., stroke, spinal cord injury, Alzheimer’s and

Parkinson’s diseases), and blocking cell cycle progression can prevent neuron death in some

instances, endogenous cell cycle inhibition by p21 may be beneficial in such cases (Herrup

and Yang, 2007; Majdzadeh et al., 2008; Stoica et al., 2009). Cytoplasmic p21 can protect

cortical neurons from excitotoxicity and oxidative stress-induced apoptosis (Harms et al.,

2007), and promote axonal regeneration following spinal cord injury by inhibiting RhoA, an

effector of inhibitory molecules present in the central nervous system following injury

(Tanaka et al., 2002; 2004). p21 expression is increased in tissue vulnerable to secondary

degeneration following experimental stroke and peripheral axotomy, where it is suggested to
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contribute to neuroprotection and spontaneous regeneration (Bonilla et al., 2002; Carmichael

et al., 2005; van Lookeren Campagne and Gill, 1998).

Using a glutathione depletion model of oxidative stress, we observed that pharmacologically

diverse chemicals that protect cortical neurons from glutathione depletion-mediated

apoptosis also upregulate p21 transcription. This includes the anticancer drug mithramycin,

histone deacetylase inhibitor trichostatin-A (TSA), and iron chelator desferrioxamine (DFO)

(Langley et al., 2008; Sleiman et al., 2011; Zaman et al., 1999). With these agents, a cassette

of protective genes is activated, with p21 contributing to the protective phenotype.

Moreover, as aberrant cell cycle reentry is not evident following glutathione depletion in

post mitotic neurons, the cell cycle-independent effectors of p21 appear to be important

targets for neuroprotection. In this model, p21 overexpression is sufficient, but unnecessary

for neuroprotection by TSA (Langley et al., 2008). These observations suggest that while

unnecessary, p21 may be an efficient biomarker for neuroprotectants. Accordingly, targeting

the transcriptional upregulation of p21 in neurons may be an ideal strategy to identify

neuroprotective agents that avoid the potential toxicity of fostering overt tumor growth.

Materials and Methods

Protocols involving animals were approved by the Burke/Weill-Cornell IACUC and

conform to the NIH guidelines for the use and care of laboratory animals. Wild type timed-

pregnant mice (CD-1 strain, Charles River, Wilmington, MA) were used for the initial

neuroprotection screens, and subsequently with the HIF-PHD inhibitor experiments.

Concentration-response curves for the candidate p21 activators were generated using p21-

null (B6;129S2-Cdkn1atm1Tyj/J, Jackson Laboratory, Bar Harbor, ME) and wild type

animals of the same genetic background (B612SF2/J, Jackson Laboratory) to assess p21

necessity (Brugarolas et al., 1995).

Small molecule library and drug compounds

The Microsource Spectrum Collection (Microsource Discovery Systems, Gaylordsville, CT)

was used for our high content screening and initial verification of neuroprotection. This is a

library of FDA-approved drugs and natural product/bioactive small molecules. The detailed

characterization of the candidate p21-inducers and HIF-PHD inhibitors was carried out

using purified compounds obtained from Sigma (St. Louis, MO).

p21 promoter-reporter assay

Murine HT22 hippocampal neuronal cells (a gift from D. Schubert, Salk Institute, La Jolla,

CA) stably transfected with a firefly luciferase reporter driven by 2.4 kb (el-Deiry et al.,

1993) or 60 bp (Xiao et al., 1999) of the p21 proximal promoter were plated in 96-well

plates in DMEM + 10% FBS for 24 hours. Compounds were added at a final concentration

of 10 μM from 1000x DMSO stocks (Microsource). After 24 hours, luciferase activity was

measured (Promega, Madison, WI) in a LMaxII luminometer (Molecular Devices,

Sunnyvale, CA). Luminescence readings were normalized to cell survival of identically-

treated sister cultures assessed by MTT reduction (Promega).
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Neuron drug treatments and survival assays

Mouse cortical neurons were isolated from WT or p21-null E14.5 embryos as previously

described (Zaman et al., 1999) and plated in MEM + 10% FBS + 5% horse serum (HS) +

penicillin/streptomycin. The cultures were grown for 1 day to allow neurons to attach and

extend neurites. Neurons were then co-treated with p21 inducers and homocysteic acid

(HCA, 5 mM), a glutamate analog that prevents cystine uptake by the Xc− antiporter. This

causes neuronal apoptosis by glutathione depletion that is independent of glutamate receptor

activation (Ratan et al., 2002). Viability was assessed 24 hours later by MTT reduction, and

confirmed using a live-dead assay (Invitrogen, Carlsbad, CA) containing calcein-AM, which

is retained in live cells, and ethidium homodimer, which accumulates in the nuclei of dead

cells. Fluorescence micrographs were taken with a Zeiss Axiovert 200 microscope.

Cancer cell line assays

Murine Neuro-2A (N2A) neuroblastoma and human DLD-1 colon carcinoma cells (ATCC;

Manassas, VA) were maintained in DMEM or RPMI 1640 + 10% FBS, and plated at 5,000

or 10,000 cells/well in 96-well plates (6.5 mm well diameter; Corning Costar, Tewsbury,

MA), respectively. Drug treatments were added one hour later, following cell attachment to

assess whether the compounds could alter the rate of cell proliferation. Phase contrast

micrographs were acquired and cell viability was measured by MTT reduction after 24

hours. DLD-1 cells treated with HIF-PHD inhibitors were plated at 50,000 cells/well in 24-

well plates (15.6 mm well diameter; Corning Costar) and viability was assessed 72 hours

after treatment. For time course experiments with HIF-PHD inhibitors, viable N2A cells

were loaded with calcein-AM at the indicated times. Whole-well fluorescence micrographs

were taken with a Flash Cytometer (Trophos, Marseille, France) and cell counts made using

MetaMorph (Molecular Devices).

HIF-PHD inhibitor cytotoxicity was tested on a panel of human neuroblastoma cell lines:

NGP (gift of C.P. Reynolds), SH-SY5Y (ATCC), SK-N-SH, CHLA-15, and CHP-212

(Children’s Oncology Cell Bank). Cell survival was determined in 96-well plates with the

Digital Imaging Microscopy System (DIMSCAN), which uses fluorescence microscopy to

quantify viable cells stained with fluorescein diacetate (FDA). The total fluorescence

intensity per well after background quenching by eosin Y is proportional to cell viability

(Frgala et al., 2007). 5,000-10,000 cells/well were plated and grown overnight before HIF-

PHD inhibitors were added for 96 hours. FDA (10 μg/ml) and eosin Y (0.1%) were then

added for 20 minutes. Total fluorescence per well was measured, and results expressed as

the fluorescence ratio of treated to untreated wells.

The time points when cell viability was measured were determined empirically to highlight

differences between drug treatments and control, and differed based on cancer cell type,

culturing conditions, and viability assay.

Realtime RT-PCR

p21 gene expression was assessed by real time RT-PCR using TaqMan chemistry in a ABI

Fast 7500 real time PCR system (Applied Biosystems, Carlsbad, CA) from cDNA libraries

generated from RNA purified with Trizol (Invitrogen). Cortical neurons were treated for 8
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hours prior to RNA harvest and assayed with a p21 probe (Cdkn1a; Mm01303209_m1) and

β-actin as a housekeeping transcript. In N2A cells, RNA levels were assayed directly using a

TaqMan One-step RNA-to-Ct Kit.

NGF deprivation of PC12 cells

PC12 cells were cultured on collagen-coated dishes with RPMI 1640 medium + 10% HS

and 5% FBS as described previously, and differentiated with NGF (100 ηg/ml) in RPMI

1640 supplemented with 1% HS for 10-14 days (Farinelli and Greene, 1996). After

differentiation, cells were deprived of NGF by washing basal media three times and

maintaining cells in serum-free RPMI 1640 with anti-NGF antibody (1:100).

Western blot

Neurons were treated with the indicated compounds for 24 hours, after which neuronal

proteins were harvested in NP40 lysis buffer (Tris-HCl 50 mM, NaCl 150 mM, EDTA 5

mM, NP-40 1%, pH 8.0; Boston Bioproducts, Worcester, MA) + 1x protease inhibitor

cocktail (Sigma) + 1 mM PMSF (Sigma), assayed for protein content with the DC protein

assay using a BSA standard (BioRad, Hercules, CA), and denatured in 1x NuPAGE LDS

sample buffer (Tris-HCl 26.5 mM, Tris-base 35.3 mM, 0.5% LDS, 2.5% glycerol, 0.13 mM

EDTA, 0.055 mM SERVA Blue G25, 0.044 mM phenol red, 50 mM DTT, ph 8.5;

Invitrogen). 25 μg of protein were resolved through a 4-12% polyacrylamide gradient gel

(Invitrogen) and then transferred onto nitrocellulose. Membranes were blocked for 1 hour in

Odyssey blocking buffer (proprietary; LiCor, Lincoln NE), incubated overnight at 4°C with

antibodies against p21 (1:250; mouse; clone OP76, Calbiochem, Darmstadt, Germany) and

β-actin (1:5000; rabbit; Sigma), followed by fluorescent secondary antibodies (goat anti-

mouse-IRDye800 and goat anti-rabbit-IRDye680; 1:20,000; LiCor) for 2 hours, and scanned

using the LiCor infrared imaging system.

Retroviral transduction

Retroviruses delivering short-hairpin RNAs (shRNA) were generated as previously

described (Aminova et al., 2005). The target sequences against HIF-1α and GFP plus a

puromycin resistance gene were cloned into pSuperRetro vectors (OligoEngine) driven by

the polymerase-III-H1-RNA gene promoter. N2A cells were transduced with the

retroviruses for 1 hour at 37°C at a multiplicity of infection of 10 in the presence of 4 μg/ml

polybrene, a cationic polymer that enhances retroviral transduction efficiency. The virus was

then removed and cells were incubated for 24 hours in complete media prior to maintenance

in puromycin (4 μg/ml, Sigma) to select for stable transductants.

Neurite outgrowth analysis

Neurite outgrowth and cell counts were assessed from fluorescence micrographs of calcein-

labeled cortical neurons treated with HIF-PHD inhibitors using the Neurite Outgrowth

application in Metamorph (Molecular Devices). Cell counts are expressed as the mean of

neurons per microscope field using 10-12 fields per condition from 3 independent neuron

preparations. Neurite branching and total outgrowth per neuron were expressed as the mean

parameter per neuron from the same images.
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Computer modeling

Docking experiments were performed using the CDOCKER algorithm as implemented

Discovery Studio 2.5 (Accelrys, San Diego, CA), followed by force field minimization and

binding energy calculations using the PHD2 crystal structure with the bound inhibitor

(2G19.pdb) as the starting template. Preparation of the receptor was done by running a

protein check and identifying all the elements of the structure. Force field minimization was

carried out using the molecular mechanics algorithm CHARMm.

Statistical Analysis

All data are expressed as mean ± SEM and are plotted using GraphPad Prism. The statistical

tests used are indicated in the figure legends. All results were repeated in at least 3

independent experiments. Statistical significance was taken at P < 0.05.

Results

We screened for transcriptional inducers of p21 using two promoter-reporter constructs

containing either 60 bp or 2.4 kb of the p21 proximal promoter (Fig. 1a). The 2.4 kb reporter

contains p53 binding sites that are activated by DNA damage, and thus activators of this

reporter and not the 60 bp reporter may be undesirable (el-Deiry et al., 1993; Gartel and

Radhakrishnan, 2005). We verified that HT22 cells stably expressing either construct cells

could be activated by TSA, which is known to act through Sp1 sites in the 60 bp construct

(Fig. 1a) (Langley et al., 2008), and that TSA also induced p21 mRNA and protein levels,

confirming that our reporters faithfully mirrored endogenous gene expression (not shown).

Both reporter lines were screened against a small molecule library containing 2,000 FDA-

approved drugs, natural products, and biologically active compounds (MicroSource

Spectrum library). The results from both reporters were virtually identical, indicating that

the initial 60 bp were sufficient for p21 transactivation by our hits, and that p21 induction is

unlikely to be downstream of a DNA damage response (not shown). 93 compounds

increased reporter activity by 2 standard deviations above the mean (Fig. 1b). These were

screened in primary cortical neurons for p21 mRNA expression, basal toxicity, and

neuroprotection from glutathione depletion at the screening concentration of 10 μM.

Because some compounds showed basal toxicity, we also assessed neuroprotection with

each compound at 1 μM (table S1). Of the neuroprotective compounds, we further

characterized lycorine, chloroquine, 1,3-diphenylurea (DPU), N-acetylcysteine (NAC), and

ciclopirox (CPO) because they conferred nearly complete neuroprotection from oxidative

stress induced apoptosis.

Using purified compounds obtained from Sigma, we generated concentration-survival

curves for each in the presence or absence of HCA (5 mM), a glutamate analogue that

causes oxidative stress-induced cell death in immature cortical neurons. Extracellular HCA

competitively inhibits cystine uptake, which depletes the intracellular antioxidant

glutathione by depleting its rate-limiting precursor cysteine (Ratan et al., 2002). Each

compound protected neurons from glutathione depletion: DPU, NAC, and TSA showed

dose-dependent protection, while lycorine, chloroquine, and CPO were highly protective at
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lower doses but exhibited basal toxicity at higher concentrations as assessed MTT reduction

(Fig. 2a-2f). These results and the preservation of neuronal morphology were confirmed

with live-dead labeling (Fig. S1). The protective concentrations varied for some compounds

(i.e., chloroquine) compared to the initial screen, which may be due to differences in purity

or stability of the compounds obtained from the Microsource library and Sigma.

To determine their effect on tumor cell growth, we tested each compound at the

concentrations used for neuroprotection on human DLD-1 colorectal adenocarcinoma and

murine N2A neuroblastoma cells, two established cancer cell lines. None of the hits

increased the rate of cancer cell growth, while lycorine, CPO, and TSA significantly

decreased cell number of both cell types over 24 h (Fig. 3a-f). Lycorine caused both cell

types to assume spherical morphologies (Fig. 3a, S2b, S2h). Chloroquine did not change

MTT reduction rates, but caused vacuole formation in DLD-1 cells (Fig. 3b, S2c, S2i). DPU

had no effect on DLD-1 cells but prevented N2A cell proliferation (Fig. 3c, S2d, S2j). NAC,

while protective to neurons, did not alter the growth rate or morphology (Fig. 3d, S2e, S2k).

CPO treatment yielded fewer (Fig. 3e), and larger DLD-1 cells, and caused cytosolic

vacuolization of both cell types (Fig. S2f and S2l). These anti-tumor effects correlated with

p21 mRNA induction, as each compound, except NAC, which failed to inhibit tumor cell

growth, induced p21 expression in N2A cells (Fig. S3a). Interestingly, despite upregulating

p21 levels, chloroquine did not decrease viability at 24 hours, suggesting that other

properties of these compounds may synergize with p21 induction to prevent the proliferation

of DLD-1 and N2A cells. These data show that most of our lead hits upregulate p21

expression and inhibit proliferation in these cancer cell lines.

Of the neuroprotective and anti-tumor p21 inducers, only CPO killed both cancer cell types

at concentrations that protected post-mitotic neurons without causing steady-state toxicity (1

μM, Fig. 2e and 3e). CPO is an iron chelator and canonical inhibitor of HIF-PHDs (Linden

et al., 2003), which are oxygen, 2-oxoglutarate, and iron-dependent enzymes that

hydroxylate HIFα isforms under normoxia, targeting them for proteasomal degradation

(Epstein et al., 2001). Accordingly, we formulated a model whereby global pharmacological

HIF-PHD inhibition (inhibition of all three PHD isoforms) leads to both neuroprotection and

cessation of tumor growth. We tested whether other established, but structurally diverse

HIF-PHD inhibitors (DFO 50 μM, an iron chelator, and DHB 20 μM and DMOG 250 μM,

competitive inhibitors of 2-oxoglutarate) were also toxic to tumor cells. We treated DLD-1

cells with each drug for 72 h and found that they significantly decreased cell proliferation

(Fig. 4f) and that CPO and DFO caused the formation of large and ubiquitous cytosolic

vacuoles (Fig. 4b-c). All four compounds yielded larger, and thus fewer cells as compared to

controls (Fig. 4a-e). Vacuole formation and large cells are reminiscent of a senescence

phenotype, which is an important tumor suppression mechanism in some instances, and can

be induced by forced expression of p21 (Rodier and Campisi, 2011). To further characterize

the anti-tumor potential of HIF-PHD inhibitors, we tested them for cytotoxicity against a

panel of five human neuroblastoma cell lines. Each compound showed significant

cytotoxicity at concentrations similar those used with the N2A and DLD-1 cells (Table 1,

Fig. S4).
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Our previous studies showed that the neuroprotective effects of HIF-PHD inhibitors in

hippocampal neuroblasts are independent of HIF-1α (Siddiq et al., 2009). To determine

whether the anti-proliferative effects of these compounds required HIF-1α, we transduced

N2A cells with retroviruses expressing shRNA against HIF-1α, which reduced HIF-1α

mRNA levels to 30% of those expressing shGFP (Fig. S5a). When seeded at low density,

siHIF-1α (not shown), siGFP (not shown), and untransduced cells (Fig. 5a.) formed nearly

confluent patches by the third day in vitro. By contrast, when treated with HIF-PHD

inhibitors, their proliferation rate was significantly inhibited (Fig. 5a-b, S5b). This toxicity

was HIF-1α independent, as N2A cell proliferation was equally impaired by HIF-PHD

inhibition when HIF-1α was knocked-down (Fig. S5b). Two independent HIFα isoforms,

HIF-1α and HIF-2α, can activate the HIF pathway. We evaluated whether HIF-2α

contributed to the effect of the HIF-PHD inhibitors, but unexpectedly, could not detect

HIF-2α expression in the siGFP- or siHIF-1α-N2A cells (not shown).

Because p21 overexpression is sufficient to protect hippocampal neuroblasts or primary

cortical neurons from glutathione depletion or peroxide insult (Langley et al., 2008), our

initial model predicted that p21 protein induction would be necessary for neuroprotection.

Nevertheless, p21 was dispensable for neuroprotection as our hits showed identical

concentration-responses in neurons from mice with homozygous deletion of p21 (Fig. S6).

Additionally, while all compounds induced p21 message at the screening dose (Fig. 1c), the

lowest protective doses of lycorine (0.5 μM), chloroquine (0.5 μM), DPU (50 μM), and NAC

(20 μM) did not stably induce p21 protein levels (Fig. S3b). Notably, only CPO induced p21

protein levels (Fig. S3b and 6b) at concentrations that were both basally nontoxic to neurons

and inhibitory to cancer cell growth (Fig. 2e and 3e). We checked whether DFO, DHB, and

DMOG also induced p21 mRNA and protein levels in neurons, and as expected, each

induced p21 mRNA (Fig. 6a), while all but DMOG also increased p21 protein levels (Fig.

6b). At these concentrations, all but DMOG showed complete protection from HCA (Fig.

6c), suggesting that induction of p21 protein may be a good marker of neuroprotection by

HIF-PHD inhibitors. As the anti-tumor effect of these compounds progressed over 3 days,

we assessed whether they would be toxic to primary neurons over the same time course.

Calcein labeling of neurons treated for 3 days with HIF-PHD inhibitors showed no decrease

in cell number compared to controls (Figs. 6d-h and table S2). Interestingly, neurons treated

with DFO, CPO, and DHB exhibited increased neurite branching compared to untreated

cells, whereas DMOG impaired these aspects of neurite outgrowth (Fig. 6d-f and table S2).

DFO and CPO have been reported to protect sympathetic neurons and differentiated PC12

cells from NGF deprivation by preventing aberrant cell cycle reentry and subsequent

apoptosis (Ferrari and Greene, 1994). To see whether this correlated with p21 protein

induction, p21 protein levels were assessed in differentiated PC12 cells treated with CPO for

6.5 hours. Indeed, treatment with CPO (4 μM) significantly induced p21 protein levels (Fig.

S7).

DFO is a large molecule (MW 656.79) that likely inhibits HIF-PHDs by chelating

extracellular Fe2+, thereby limiting the intracellular Fe2+ required for catalysis (Zaman et al.,

1999). In contrast, CPO, DHB, and DMOG are of lower molecular weight (all <268.35

MW), and could directly inhibit HIF-PHDs intracellularly by binding within their conserved
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catalytic domain. To assess this, we docked each molecule within a model of the PHD2

catalytic site derived from a crystal structure (2g19.pdb) (McDonough et al., 2006) using the

CDOCKER algorithm. Each compound fit within the binding pocket of PHD2 and

coordinated the catalytic Fe2+ in the least energy conformations (Fig. S3c-e).

Discussion

Chronically inhibiting the pathways that contribute to neuron death has been shown in some

cases to promote tumor growth. This is exemplified by p53 or targeted PTEN deletion in

mice where neuron death is abrogated (Crumrine et al., 1994; Domanskyi et al., 2011; Liu et

al., 2010; Park et al., 2008), but the risk for developing tumors increases (Donehower et al.,

1992; Hollander et al., 2011). By targeting p21, an effector that is simultaneously

neuroprotective and anti-tumor, we overcome this potential problem. Indeed, we identified

diverse neuroprotective and anti-tumor p21 inducers, including HIF-PHD inhibitors. Each

structurally diverse HIF-PHD inhibitor killed nearly all cancer cell lines tested at

concentrations that protected post-mitotic neurons without causing steady-state toxicity.

This result was initially surprising as HIF-PHDs are important negative regulators of the

HIF pathway, and HIF activation upregulates the transcription of genes involved in

glycolysis, pH regulation, angiogenesis, cell proliferation, and survival pathways, all of

which are known to promote tumor growth (Semenza, 2010).

While HIF has been widely regarded as oncogenic, the role of HIF in tumorigenesis is

complex as it may also repress tumor growth depending on cell type and tissue context

(Blancher et al., 2000; Carmeliet et al., 1998). For instance, tumor-causing IDH1 mutations

(R123H) increase PHD2 activity, which diminishes HIF levels, but enhances tumor cell

proliferation. Conversely, PHD2 knockdown and subsequent HIF activation in transformed

astrocytes bearing IDH mutations inhibited colony formation on soft agar (Koivunen et al.,

2012). In glioblastoma cells, HIF-PHD inhibition with DMOG or PHD2/PHD3 knockdown

causes cell death and sensitization to hypoxia by disrupting the feedback expression of

PHD2/PHD3 that serves to maintain the proper levels of HIF activity. The overexpression of

HIF-2α in glioblastoma xenografts increased angiogenesis, but reduced tumor size due to

increased tumor cell apoptosis in vivo (Acker et al., 2005; Henze et al., 2010). Furthermore,

there is evidence that HIF-PHD inhibition may not be equivalent to tumorigenic HIF

activation, as hepatic Vhl deletion, which activates HIF, causes benign tumors, whereas

combined deletion of all three HIF-PHD isoforms does not (Haase et al., 2001;

Minamishima and Kaelin, 2010).

More recently, other targets for prolyl-hydroxylation have emerged that contribute to tumor

growth by HIF-dependent and -independent mechanisms. One study reported that PHD3

mediates metabolic reprogramming of cancer cells through the prolyl-hydroxylation of

pyruvate kinase-M2 (PKM2). Proline-hydroxylated PKM2 becomes a coactivator for the

transactivation of HIF-1α target genes, including those that mediate glycolytic adaptation to

hypoxia (Luo et al., 2011). In another study, PHD1 knockdown limited proliferation of

estrogen-dependent breast cancer cells by a hydroxylase-dependent, but HIF-independent

reduction of cyclin D1 expression, though the precise targets of PHD1 hydroxylation were

not identified (Zhang et al., 2009).
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The lack of necessity of HIF-1α expression for HIF-PHD inhibitor cytotoxicity in N2A cells

suggest that other HIF-PHD targets, in addition to HIF may be important for this effect. In

our studies, we have pharmacologically inhibited the activity of all HIF-PHD isoforms,

which may engage multiple synergistic anti-tumor pathways (i.e. through PHD1/PHD3

inhibition and p21 induction), despite stabilizing HIF. Accordingly, our data suggest that

global HIF-PHD inhibition in these cancer cell lines does not lead to increased cell

proliferation, but rather, limits cell proliferation or causes cell death. We have previously

reported that the neuroprotection by HIF-PHD inhibitors is also HIF-1α-independent and

can be recapitulated by the individual knockdown of PHD1 (and not PHD2 or PHD3)

(Siddiq et al., 2009), suggesting that neuronal degeneration and tumorigenesis may share

common pathways. The precise neuroprotective and anti-tumor targets of the HIF-PHDs are

currently being pursued in our labs. Importantly, these in vitro results set the table for

assessing HIF-PHD inhibitors in animal models, which will provide the ultimate validation

of their effect on basal tumor formation with chronic use.

Though our initial model predicted that p21 protein induction would be necessary for

neuroprotection, we found that p21 was dispensable for neuroprotection in our oxidative

stress model (Fig. S6). This was echoed by the observation that the protective doses of some

hits did not stably induce p21 protein levels (Fig. S3b), suggesting that p21 protein

upregulation was transient or that some agents may upregulate transcription, but not provide

the translational drive to convert new p21 mRNA into protein. It is likely that functional

redundancy of genes induced by these compounds precludes a large contribution by any

single gene product, including p21. As such, this suggests that p21 induction serves as a

good biomarker for the activation of neuroprotective transcriptional programs (Fig. 7).

Though p21 was unnecessary for neuroprotection from glutathione depletion, we anticipate

that these agents will be protective in disease models where inappropriate activation of cell

cycle components appears to drive neurodegeneration (Greene et al., 2007; Heintz, 1993;

Herrup and Yang, 2007; Park et al., 2007; Vincent et al., 2003). Intriguingly, CPO and DFO

have previously been shown to protect neuron-like differentiated PC12 cells from NGF

deprivation, a model where aberrant activation of cell cycle components mediates cell death

(Farinelli and Greene, 1996). We confirmed that CPO upregulates p21 in differentiated

PC12 cells (Fig. S7), suggesting that CPO and DFO may inhibit aberrant reentry of post-

mitotic neurons by inducing p21. Moreover DFO has been shown to protect the brain from

many acute and chronic neurodegenerative conditions (Hanson et al., 2009; Zhao and

Rempe, 2011).

Importantly, our data suggests that assessing the effect of potential neuroprotective agents

on cancer cell growth warrants legitimate consideration. Given the parallels between

neurodegeneration and oncogenesis, targets such as p21 that address pathological processes

in both conditions may prove to be an efficient way to identify therapeutics that are safe for

chronic use. Following this strategy, we have found that PHD inhibition and HIF activation

does not necessarily lead to tumor formation or malignant transformation, which supports

the mounting evidence for a pro-oncogenic role for PHDs in tumor cells. This also argues

for the propitious use of PHD inhibitors not only for cancer therapy but also for the chronic

treatment of neurological disease.
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Highlights

• Targets for chronic neuroprotection should not promote cancer/tumor formation

• We screened for transcriptional inducers of p21waf1/cip1 (p21), a CDK inhibitor

• p21 inducers protect neurons from cell death and prevent cancer cell

proliferation

• HIF-PHD inhibitors induce p21waf1/cip1 and are both neuroprotective and

antitumor

• HIF-PHD inhibitors should not promote tumor formation despite stabilizing HIF
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Figure 1.
Biological screen for transcriptional inducers of p21. A, HT22 cells were stably transfected

with a firefly luciferase reporter driven by 2.4 kb or 60 bp of the p21 proximal promoter.

The 2.4 kb reporter contains the p53 binding sites (arrows) necessary for activation by DNA

damage. Both constructs are responsive to TSA, which activates the Sp1 sites (arrow heads).

B, A 2,000 compound library of FDA-approved drugs and natural product small molecules

were screened using the 60 bp promoter. Compounds that induced reporter activity by ≥ 2

SD (above light grey region) were further investigated. C, p21 mRNA levels from primary

cortical neurons treated with neuroprotective hits (10 μM). TSA was included as a positive

control.
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Figure 2.
p21 inducers are neuroprotective against oxidative stress-induced neuron death. A-F, E14.5

mouse cortical neurons were treated with the p21 inducers alone (closed bars) or with HCA

(5 mM, open bars), which inhibits cystine uptake causing the depletion of intraneuronal

glutathione. This causes neuron death which was assessed by MTT reduction after 24 h.

Viability of HCA-treated neurons in the absence of neuroprotective compounds was

significantly less than controls, P<0.001, *=P<0.01 vs. +HCA only, two-way ANOVA-

Bonferroni’s post test, n=6.
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Figure 3.
p21 inducers limit the proliferation of DLD-1 adenocarcinoma and N2A neuroblastoma

cells. A-F, DLD-1 (red diamonds) and N2A (blue squares) were treated with the indicated

compounds immediately after attachment and assayed for viability by MTT reduction 24 h

later. +=P<0.05 vs. DLD-1 control, *=P<0.05 vs. N2A control, two-way ANOVA-

Bonferroni’s post test, n=3.
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Figure 4.
HIF-PHD inhibitors decrease the viability of DLD-1 cells. A-E, phase contrast images of A,

untreated DLD-1 cells or cells treated with B, DFO 50 μM, C, CPO 1 μM, D, DHB 20 μM,

or E, DMOG 250 μM for 72 h. CPO or DFO (B and C) caused the formation of large

cytosolic vacuoles, while all compounds yielded larger cells. F, DLD-1 cultures were

assayed for viability by MTT reduction following treatment with HIF-PHD inhibitors. Scale

bar = 25 μm. *=P<0.01 vs. control, one-way ANOVA-Bonferroni’s post test, n=8.
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Figure 5.
HIF-PHD inhibitors prevent N2A cell proliferation. A-B, N2A cells were plated in 96-well

plates, treated with HIF-PHD inhibitors, and then assayed for viability by calcein labeling

and cell counting with a flash cytometer. A, N2A cells proliferate over 3 days (top) to cover

the well surface, whereas proliferation is inhibited in DFO-treated cells (bottom). B, cell

counts from cultures treated with DFO 50 μM, CPO 1 μM, DHB 20 μM, or DMOG 250 μM

show that HIF-PHD inhibition impeded N2A cell proliferation compared untreated cells.

Scale bar = 1 mm. Data are normalized to cell counts from control wells on day 1. Cell

counts from PHD inhibitor-treated cells are significantly lower than control at days 2 and 3,

*=P<0.01, two-way ANOVA-Bonferroni’s post test, n=8.
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Figure 6.
HIF-PHD inhibitors upregulate p21 and protect cortical neurons from glutathione depletion-

mediated cell death. A-H, E14.5 mouse cortical neurons were treated with the concentrations

of HIF-PHD inhibitors that were toxic to DLD-1 and N2A in figures 4 and 5: DFO 50 μM,

CPO 1 μM, DHB 20 μM, and DMOG 250 μM. A, each compound upregulated p21 mRNA

levels, *=P<0.05, one-way ANOVA-Bonferroni’s post test, n=7, B, while all but DMOG

upregulated p21 protein levels. C, oxidative stress was induced by glutathione depletion

with HCA 5 mM. Co-treatment with DFO, CPO, and DHB completely protected neurons

from cell death. *=P<0.001, two-way ANOVA-Bonferroni’s post test, n=4. D-H,

fluorescence micrographs of calcein-labeled cortical neurons treated for 3 days with HIF-

PHD inhibitors show no basal toxicity. Note the more robust neurite outgrowth in DFO and

CPO-treated neurons compared to controls (D-F). Scale bar = 25 μm.
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Figure 7.
Working model of HIF-PHD-mediated neuroprotection and suppression of cancer cell

proliferation. HIF-PHD inhibition and the other identified p21 inducers activate the

transcription of a broad neuroprotective program that prevents oxidative stress-induced

neuronal apoptosis. The breadth of this program precludes the necessity of any single

member of the program (i.e. p21 is sufficient to protect, but is unnecessary for the

neuroprotective actions of these compounds). Likewise, HIF-PHD inhibitors can induce

HIF-dependent cell death, or interfere with PHD-dependent, but HIF-independent survival

pathways in cancer cells. It is formally possible that the HIF-PHD targets that mediate

neuron death following oxidative stress are the same as those driving tumorigenesis.
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Table 1

IC50 values (μM) of canonical HIF-PHD inhibitors for human neuroblastoma cell lines.

CHLA15 SH-SY5Y SK-N-SH CHP212 NGP

CPO 0.42 0.41 0.68 0.53 0.61

DFO 1.14 0.78 3.56 N.D. 1.59

DHB 4.1 8.3 30.7 25.4 4.5

DMOG 18.3 957.5 557.8 223.5 497.9
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