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Abstract

We have previously reported on the inhibition of HIF-1α (hypoxia-inducible factor α)-regulated 

pathways by HEXIM1 [HMBA (hexamethylene-bis-acetamide)-inducible protein 1]. Disruption of 

HEXIM1 activity in a knock-in mouse model expressing a mutant HEXIM1 protein resulted in 

increased susceptibility to the development of mammary tumours, partly by up-regulation of 

VEGF (vascular endothelial growth factor) expression, HIF-1α expression and aberrant 

vascularization. We now report on the mechanistic basis for HEXIM1 regulation of HIF-1α. We 

observed direct interaction between HIF-1α and HEXIM1, and HEXIM1 up-regulated 

hydroxylation of HIF-1α, resulting in the induction of the interaction of HIF-1α with pVHL (von 

Hippel–Lindau protein) and ubiquitination of HIF-1α. The up-regulation of hydroxylation 

involves HEXIM1-mediated induction of PHD3 (prolyl hydroxylase 3) expression and interaction 

of PHD3 with HIF-1α. Acetylation of HIF-1α has been proposed to result in increased interaction 

of HIF-1α with pVHL and induced pVHL-mediated ubiquitination, which leads to the 

proteasomal degradation of HIF-1α. HEXIM1 also attenuated the interaction of HIF-1α with 

HDAC1 (histone deacetylase 1), resulting in acetylation of HIF-1α. The consequence of HEXIM1 

down-regulation of HIF-1α protein expression is attenuated expression of HIF-1α target genes in 

addition to VEGF and inhibition of HIF-1α-regulated cell invasion.
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INTRODUCTION

Breast cancers and other solid tumours are susceptible to hypoxia because they proliferate 

and outgrow vascular supplies of oxygen and nutrients [1]. The main regulator that 

orchestrates the cellular response to hypoxia is HIF-1 (hypoxia-inducible factor 1), a 

heterodimeric transcription factor composed of α- and β-subunits critical for adaptive 

responses to reduced oxygen [2]. Overexpression of HIF-1α protein in breast cancer 

correlates with poor prognosis, increased risk of metastasis and decreased survival [3]. The 

critical role HIF-1α in tumour metastasis arises from the fact that it is a potent activator of 

angiogenesis, invasion and metabolic reprogramming through its up-regulation of target 

genes important for these functions {e.g. VEGF (vascular endothelial growth factor), EMC-

degrading proteases and GLUT1 (glucose transporter 1), see [4]}. HIF-1α is also a mediator 

of the effects of the tumour microenvironment on the metastatic behaviour. HIF-1α plays a 

critical role in the generation of the ‘pre-metastatic niche’ to which the tumour cells 

metastasize through the recruitment of BMDCs (bone-marrow-derived cells). It has also 

been proposed that hypoxia stimulates expansion of normal and cancer stem cells [5]. The 

HIF-1α pathway is thus an ideal target for cancer therapy, since interfering with a master 

regulator of the hypoxic response could disrupt multiple processes essential for tumour cell 

self-renewal, expansion, dissemination and metastatic colonization.

The clinical benefits of anti-VEGF therapy are relatively modest and usually measured in 

weeks or months [6]. In some cases, patients do not respond to anti-VEGF treatments. 

Hypoxic regions of tumours are believed to be the source of tumour cells that are resistant to 

radiation, chemotherapy and anti-angiogenic treatment [3]. Antiangiogenic agents efficiently 

prune tumour vessels and cause hypoxia [7]. However, metabolic reprogramming to glucose 

addiction allows tumour cells to generate energy in hypoxic conditions and for tumour stem 

cells in hypoxic niches to escape anti-angiogenic treatment [7]. Increased intratumour 

hypoxia also results in the production of redundant angiogenic factors by tumours and 

acquisition of a more invasive phenotype. HIF-1α is a major regulator of these angiogenic 

actors following hypoxia, and regulates several genes involved in angiogenesis, proliferation 

and migration of endothelial cells, pericyte recruitment, modification of vascular 

permeability and recruitment of BMDCs [8]. Thus targeting HIF-1α rather than VEGF may 

offer advantages in late-stage breast cancer.

Regulation of HIF-1α stability is mediated by the ODD (oxygen-dependent degradation) 

domain through various post-translational modifications [9]. HIF-1α is hydroxylated at 

Pro402 and Pro564 by a family of HIF PHD (prolyl hydroxylase) domain proteins, which 

require O2 [10,11]. Hydroxylated HIF-1α subsequently interacts with the tumour suppressor 

pVHL (von Hippel–Lindau protein), which targets it for proteasomal degradation [9,12]. 

ARD1 (arrest-defective protein 1) is another enzyme proposed to modify HIF-1α by 

acetylating the Lys532 residue in the ODD domain of HIF-1α [13]. Acetylation of HIF-1α 

has been reported to result in increased interaction of HIF-1α with pVHL and induced 

pVHL-mediated ubiquitination, which leads to the proteasomal degradation of HIF-1α [13]. 

However, the functional relevance of HIF-1α acetylation remains controversial.
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We have recently reported that re-expression of HMBA (hexamethylene-bis-acetamide)-

inducible protein 1 HEXIM1 through transgene expression or polymer-mediated delivery of 

HMBA inhibited metastasis in a mouse model of metastatic mammary cancer that can be 

correlated with decreased expression of HIF-1α, VEGF, compensatory pro-angiogenic 

factors and vascularization [14]. We now report that HEXIM1 directly regulates HIF-1α 

protein stability by up-regulating hydroxylation, interaction with pVHL and ubiquitination 

of HIF-1α. HEXIM1 also regulated HIF-1α acetylation by attenuating its interaction with 

HDAC1 (histone deacetylase 1). As a result, HEXIM1 is able to regulate expression of 

HIF-1α target genes and HIF-1α-induced cell invasion.

MATERIALS AND METHODS

Reagents

Antibodies against the following were obtained from Santa Cruz Biotechnology: CXCR4 

(CXC chemokine receptor), HDAC1, pan-acetyl, ubiquitin and SDF-1 (stromal-cell-derived 

factor 1). The anti-HEXIM1 antibody was generated in the Montano laboratory [15]. Anti-

HIF-1α and anti-PHD3 antibodies were obtained from OxyCell Bioresearch. The anti-VHL 

antibody was from BD Pharmingen. The antibody against HIF-2α and HIF-1α hydroxylated 

at Pro564 was obtained from Novus Biologicals. Anti-HA (haemagglutinin) and anti-tubulin 

antibodies were from Sigma Chemical.

Hypoxia treatment

Cells were placed in an airtight modular incubator chamber (Billup-Rothenburg, Forma 

Scientific) that had been equilibrated with a gas mixture containing 1 %oxygen, 5 %CO2, 

and 94.5 % nitrogen at 37 °C. Hypoxia treatments were for 8 h, except for experiments 

involving detection of HIF-1α target genes that were conducted using 16 h of hypoxia 

treatment.

Cell culture

MCF-7 and MDA-MB-231 cells were obtained from A.T.C.C. (Manassas, VA, U.S.A.) and 

maintained as previously described [15]. MDA-MB-231 cells were transfected with control 

vector or expression vector for FLAG–HEXIM1 as described previously [16]. RCC4 cells 

(pVHL-deficient or transfected with wild-type pVHL, see [17]) were maintained as 

previously described [18].

RNAi

MCF7-control miRNA and MCF7-HEXIM1 miRNA cells were generated as described 

previously [19]. A polymerase II promoter-driven miRNA expression vector system 

(Invitrogen) was used. To make pcDNA-HEXIM1 miR, miRNA oligonucleotides were 

annealed and cloned into the pcDNA 6.2 GW/EmGFP vector (Invitrogen) according to the 

manufacturer’s instructions. MCF-7 cells were transfected with pcDNA 6.2-GW/EmGFP-

miR expression vectors containing either the HEXIM1 miRNA insert or a control LacZ 

miRNA insert. Following blasticidin selection, cells expressing the highest level of GFP 

were flow-sorted and expanded. The sequence of the miRNA oligonucleotides are: miR 

clone 35 (forward), 5′-TGCTGTACAGTTGCT-
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AGTTTGAGGCTGTTTTGGCCACTGACTGACAGCCTCAA-TAGCAACTGTA-3′; miR 

clone 35 (reverse), 5′-CCTGTAC-

AGTTGCTATTGAGGCTGTCAGTCAGTGGCCAAAACAGC-

CTCAAACTAGCAACTGTAC-3′; miR clone 609 (forward), 5′-

TGCTGATGAGGAACTGCGTGGTGTTAGTTTTGGCCA-

CTGACTGACTAACACCACAGTTCCTCAT-3′; and miR clone 609 (reverse), 5′-

CCTGATGAGGAACTGTGGTGTTA-

GTCAGTCAGTGGCCAAAACTAACACCACGCAGTTCCT-CATC-3′.

RT (reverse transcription)–PCR analyses

MCF-7 and MDA-MB-231 cells were subjected to high (21 %) or low (1 %) oxygen 

conditions as indicated. All cells were subsequently subjected to RT–PCR analyses as 

described previously [19]. Total mRNAs were extracted using TRIzol® reagent from 

Invitrogen as per the manufacturer’s protocol. mRNAs were reverse transcribed using the 

M-MLV Reverse Transcriptase kit (Invitrogen) following the recommended protocol. 

cDNAs were PCR-amplified using the primers listed below. The amplified products were 

run on an agarose gel and visualized by ethidium bromide staining. A 12-bit digital camera 

captured fluorescence and signal intensities were quantified using the Alphaimager software 

from Alpha Innotech.

The primers used and sequences are: HIF-1α (forward), 5′-

TGCTAATGCCACCACTACC-3′; HIF-1α (reverse), 5′-TGA-

CTCCTTTTCCTGCTCTG-3′; VEGF (forward), 5′-CTTTC-TGCTGTCTTGGGTG-3′; 

VEGF (reverse), 5′-ACTTCGTGA-TGATTCTGCC-3′; SDF1 (forward), 5′-

CCGCGCTCTGCC-TCAGCGACGGGAAG-3′; SDF1 (reverse), 5′-CCTGTTTA-

AAGCTTTCTCCAGGTACT-3′; CXCR4 (forward), 5′-AG-

CTGTTGGCTGAAAAGGTGGTCTATG-3′; CXCR4 (reverse), 5′-

GCGCTTCTGGTGGCCCTTGGAGTGTG-3′; HSulf1 (endo-sulfatase 1) (forward), 5′-

GAGCCATCTTCACCCATTCAAG -3′; HSulf1 (reverse), 5′-

TTCCCAACCTTATGCCTTGGGT-3′; GAPDH (glyceraldehyde-3-phosphate 

dehydrogenase) (forward), 5′-TCCACTGGCGTCTTCACC-3′; GAPDH (reverse), 5′-

GGCAGAGATGATGACCCTTTT-3′.

Western blot analysis

Cell lysates were analysed by Western blots as previously described [19]. Total protein was 

extracted using M-PER Mammalian Protein Extraction reagent (Thermo Fisher Scientific). 

Proteins were detected using their respective primary antibodies and HRP-conjugated 

secondary antibody. GAPDH or tubulin were used as a loading control. Signals were 

detected using ECL Western Blotting Analysis System (GE Healthcare).

Co-immunoprecipitation

Endogenous proteins were co-immunoprecipitated and analysed as previously described 

[20]. MCF7 and MDA-MB-231 lysates were incubated with Protein G beads that had been 

preadsorbed with specific antibody or non-specific mouse IgG (as a negative control). The 

beads were collected by centrifugation and washed with RIPA buffer and PBS twice. After 
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the final wash, pellets were resuspended in Western sampling buffer, and 

immunoprecipitated proteins were separated by SDS/PAGE (10 %gel) electrophoresis. 

Western blot analyses were performed as described above.

ChIP assays

Cells were grown in 100-mm-diameter dishes and processed for ChIP analyses as described 

previously [19]. Briefly, cells were fixed with 1 % formaldehyde and lysed in SDS-lysis 

buffer with protease inhibitors. Lysed cells were sonicated using a Branson 450 sonicator. 

Clarified sonicated chromatin was diluted 10-fold in ChIP dilution buffer and used for 

immunoprecipitation with a given antibody. The antibody–chromatin complexes were pulled 

down using Protein A beads. The beads were subjected to a series of washes and the 

antigen–DNA complexes were eluted. The eluates were reverse cross-linked overnight at 65 

°C and the DNA was purified by phenol/chloroform extraction. Ethanol-precipitated pellets 

were resuspended in water and were used as a template for PCR analysis. PCR-amplified 

products were run on a 2 % agarose gel and visualized by ethidium bromide staining. A 12-

bit digital camera captured fluorescence and signal intensities were quantified using the 

Alphaimager software.

In vitro translation and protein–protein interaction assays

In vitro transcription and translation of HIF-1α and HDAC1 were performed using the 

Promega TNT kit according to the manufacturer’s recommendations. GST pull-down assays 

were described previously [21].

Mouse model

All animal work reported in the present study was approved by the CWRU Institutional 

Animal Care and Use Committee. HEXIM1 expression was induced in mammary epithelial 

cells of PyMT (Polyoma Middle-T antigen) mice by mating MMTV/HEXIM1 bitransgenic 

mice with PyMT mice as described previously [14]. HEXIM1 expression was induced by 

supplementing the drinking water of mice with doxycycline at a final concentration of 2 

mg/ml. MMTV/PyMT/HEXIM1 mice (±doxycycline) were killed at 17 weeks of age. Total 

protein from mammary tumours was extracted using M-PER Mammalian Protein Extraction 

reagent.

Invasion assays

Cell-invasion assays were performed as described previously [14]. Cell-invasion assays 

were performed using transwell inserts (8-mm-diameter pore size; Corning Costar) that were 

coated with 10 % matrigel and placed inside the wells of a 24-well plate. MDA-MB-231-

control or MDA-MB-231-fl-HEXIM1 were suspended in Opti-MEM® (serum-free culture 

medium, Invitrogen) and placed in the upper chamber of the transwell insert (50000 cells/

well). The lower chambers contained MEM (minimal essential medium) supplemented 5 % 

FBS. The cells were allowed to migrate to the lower chamber at 37 °C for 48 h. After 

incubation, cells invading the matrigel were fixed with 3 % paraformaldehyde and stained 

with 0.5 %crystal violet. Invading cells were counted from five random fields per well under 

a microscope.
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Data analyses

Statistical significance was determined using the Student’s t test comparison for unpaired 

data. For some comparisons, probability values for the observed differences between groups 

were based on one-way ANOVA.

RESULTS

HEXIM1 down-regulated HIF-1α protein levels

Alterations in HEXIM1 levels were achieved by transfecting breast epithelial MDA-

MB-231 or MCF7 cells with control vector (or control miRNA) or expression vector for 

FLAG–HEXIM1 or HEXIM1 miRNA respectively. Reflecting what we observed in our 

previous mouse studies [16], modulation of HEXIM1 levels resulted in alterations in HIF-1α 

protein levels in hypoxia-treated MCF7 cells and MDA-MB-231 cells (Figures 1A, 1B and 

1C). Up-regulation of HIF-1α protein levels was observed using two different miRNA 

clones (Figure 1A). HIF-1α protein levels were not significantly altered by HEXIM1 under 

normoxia. We also did not observe HEXIM1 regulation of the mRNA level of HIF-1α 

(Figures 1A and 1B), suggesting post-transcriptional regulation. We thus examined whether 

HEXIM1 regulates HIF-1α protein stability. We up-regulated expression of HEXIM1 using 

an expression vector for FLAG-HEXIM1. Cells were maintained under hypoxia followed by 

treatment with the protein synthesis inhibitor cycloheximide for different time periods. As 

shown in Figure 1(C), the stability of HIF-1α protein was decreased in cells transfected with 

expression for FLAG-HEXIM1 compared with control transfected cells. One-way ANOVA 

indicates statistical significance with a P value of 0.017. We did not see alterations in 

HIF-2α levels as a result of down-regulation of HEXIM1 levels (Figure 1D).

HEXIM1 interacted with HIF-1α and increased HIF-1α ubiquitination by enhancing 
interaction of HIF-1α with pVHL

We then determined whether HEXIM1 can act on HIF-1α directly. Using endogenous co-

immunoprecipitation experiments, we observed an interaction between HEXIM1 and 

HIF-1α under hypoxic conditions (Figure 2A). We did not observe HEXIM1 and HIF-1α 

interaction under normoxic conditions (results not shown). The interaction between 

HEXIM1 and HIF-1α was verified using GST pull-down assays. We then examined whether 

HEXIM1 can regulate post-translational modifications of HIF-1α that targets HIF-1α for 

degradation, in particular hydroxylation and ubiquitination. We observed decreased levels of 

ubiquitinated and hydroxylated HIF-1α upon hypoxia treatment and down-regulation of 

HEXIM1 using HEXIM1 miRNA (Figures 2B and 2C). We then determined whether 

HEXIM1 promoted the association of HIF-1α with pVHL. Down-regulation of HEXIM1 

resulted in attenuation of the interaction of HIF-1α with pVHL under hypoxic conditions 

(Figure 2D). The fact that HEXIM1 attenuation of HIF-1α protein stability involved 

enhanced interaction of HIF-1α with pVHL was supported by our observation that the 

ability of HEXIM1 to down-regulate HIF-1α protein expression was attenuated in pVHL-

deficient RCC4 cells when compared with pVHL-transfected RCC4 cells (Figure 2E).
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HEXIM1 regulated expression of and interacted with PHD3

To explore the potential basis for HEXIM1 regulation of the hydroxylation of HIF-1α, we 

examined our microarray dataset [14]. Genes involved in post-translational modifications 

were shown to be enriched in our pathway analyses of genes differentially expressed in 

MCF7 control miRNA and MCF7-HEXIM1 miRNA cells (P = 10−5). One of the 

differentially expressed post-translational modifications genes encodes PHD3, which has 

been reported to down-regulate HIF-1α protein stability [22,23]. Our ChIP-seq analyses and 

validation by standard ChIP indicated recruitment of HEXIM1 to the −3790/−3677 region of 

the PHD3 gene (Figure 3A). A consequence of the recruitment of HEXIM1 to the PHD3 

gene was down-regulation of PHD3 expression under normoxia conditions and up-

regulation of PHD3 expression in hypoxia-treated MD-MB-231 cells (Figures 3A and 3B). 

Mechanistically, the opposite effects of HEXIM1 on PHD3 expression during normoxic and 

hypoxic conditions may be due to the presence of distinct factors in the transcriptional 

complex with HEXIM1 on the PHD3 gene under normoxic and hypoxic conditions. The 

HEXIM1-binding site was distinct from the HIF-1α-binding site [24] and suggested HIF-1α 

independent regulation of PHD3 by HEXIM1. Consistent with the inhibition of PHD3 

expression by HEXIM1 under normoxic conditions was the enhancement of PHD3 

expression in HEXIM1 miRNA-transfected cells (Figure 3B).

Under hypoxia, PHD3 expression was induced through HIF-1α in certain cells (including 

breast cells MCF7 and BTB474) [22]. Up-regulation of HIF-1α probably accounted for our 

finding that down-regulation of HEXIM1 also resulted in up-regulation of PHD3 under 

hypoxic conditions (Figure 3B). The effect of increased expression of HEXIM1 in the 

hypoxic environment of advanced breast cancer was also examined.. We have recently 

reported that re-expression of HEXIM1 through transgene expression inhibited metastasis in 

a mouse model of metastatic mammary cancer, the PyMT transgenic mouse, that can be 

correlated with decreased expression of HIF-1α, VEGF, compensatory pro-angiogenic 

factors and vascularization [14]. HEXIM1 re-expression in this mouse model resulted in 

increased PHD3 expression (Figure 3B).

We then determined whether HEXIM1 can influence PHD3 regulation of HIF-1α stability. 

HEXIM1 interacted with PHD3 (Figure 3C), suggesting that HEXIM1 may play a role in the 

down-regulation of HIF-1α by PHD3 by also promoting an interaction between HIF-1α and 

PHD3. In support, down-regulation of HEXIM1 resulted in up-regulation of HIF-1α 

expression despite the increase in PHD3 (Figure 3D).

The above results suggested that there are two mechanisms by which HEXIM1 regulates 

PHD3, by direct transcriptional up-regulation of the PHD3 gene or by interaction with 

PHD3. Both mechanisms are required for HEXIM1 to inhibit HIF-1α via PHD3. Two 

mechanisms would ensure negative regulation of HIF-1α activity was maintained. Up-

regulation by HEXIM1 is especially critical in breast cancer cells where expression of PHDs 

is decreased [25]. In cases where HEXIM1 expression was also down-regulated, as in 

metastatic breast cancer [14], the up-regulation of PHD3 was likely owing to up-regulation 

of HIF-1α. However, at these low levels, HEXIM1 was unable to effectively mediate an 

interaction between PHD3 and HIF-1α, thus up-regulation of HIF-1α was maintained.
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HEXIM1 inhibited HDAC1–HIF-1α interaction and increased HIF-1α acetylation

We tested other potential modes of regulation of HIF-1α by HEXIM1. The acetylation of 

HIF-1α has been reported to induce interaction of HIF-1α with pVHL and HIF-1α 

ubiquitination [13]. HDAC1 has been reported to deacetylate HIF-1α and, as such, to be a 

positive regulator of HIF-1α stability via direct interaction [26]. However, the role of 

HDAC1 and ARD1, the acetyltransferase that acetylates HIF-1α, in the regulation of 

HIF-1α is controversial, since both overexpression and silencing of ARD1 were shown to 

have no impact on HIF-1α stability and on the mRNA levels of the downstream target genes 

of HIF-1α [27,28].

We observed deacetylation of HIF-1α upon down-regulation of HEXIM1 (Figure 4A). We 

also observed that HEXIM1 interacted with HDAC1 (as shown by co-immunoprecipitation 

of endogenous proteins, Figure 4B) and GST-pull down assays (Figure 4C). Attenuation of 

this interaction by down-regulating HEXIM1 resulted in enhanced interaction of HIF-1α 

with HDAC1 (Figure 4B). Although the enhanced HIF-1α–HDAC1 interaction can be 

attributed to increased HIF-1α level, the deacetylation of HIF-1α supports the enhanced 

HIF-1α–HDAC1 interaction. Moreover our GST pull-down assays indicated that the 

interaction between HEXIM1 and HIF-1α was attenuated in the presence of HDAC1, and 

the interaction between HEXIM1 and HDAC1 was attenuated in the presence of HIF-1α 

(Figure 4C). These findings suggested a competition between HEXIM1 and HDAC1 for 

binding to HIF-1α or that HIF-1α provided a platform for an interaction between HEXIM1 

and HDAC1. HEXIM1 then sequestered HDAC1 from the HIF-1α protein complex. Thus 

HEXIM1 can induce a decrease in HIF-1α protein levels by inhibiting the ability of HDAC1 

to act on HIF-1α.

HEXIM1 inhibits the expression of HIF-1α target genes

The down-regulation of HIF-1α protein levels by HEXIM1 prompted us to examine 

HEXIM1 inhibition of other HIF-1α-regulated genes besides VEGF. HIF-1α promotes 

metastases of breast cells by up-regulating CXCR4 and SDF1 signalling [29] and both 

factors are expressed in breast cells [30]. Another transcriptional target, LOXL2 (lysyl 

oxidase-like 2) [31], is secreted by hypoxic breast tumour cells, accumulates at premetastatic 

sites, cross-links collagen IV in the basement membrane, and is essential for CD11b± 

myeloid cell recruitment [32]. Down-regulation of HEXIM1 resulted in enhanced hypoxia-

induced VEGF, SDF-1, CXCR4 and LOXL2 mRNA expression and CXCR4 and SDF1 

protein expression in MCF7 cells (Figure 5). We have previously reported on down-

regulation of VEGF protein levels by HEXIM1 [16]. HEXIM1 also altered expression of 

CXCR4, SDF-1 and LOXL2 under normoxia conditions, which suggested regulation by 

HEXIM1 also involved HIF-1α-independent mechanisms (Figure 5).

HEXIM1 inhibits hypoxia-induced breast cancer cell invasion

We determined whether HEXIM1 can regulate other known hypoxia-regulated cellular 

processes through its attenuation of HIF-1α-regulated gene transcription. We have 

previously observed that HEXIM1 inhibited metastasis using a mouse model of metastatic 

mammary cancer [14]. Conversely, down-regulation of HEXIM1 in MCF7 cells using 

HEXIM1 miRNA resulted in enhanced cell invasion [14]. We tested the possibility that 
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inhibition of HIF-1α is a contributing factor in the inhibitory effects of HEXIM1 on cell 

invasion. Our invasion assays using Matrigel-coated Boyden chambers indicated that 

HEXIM1 inhibited invasion of MDA-MB-231 cells (Figure 6A). That HEXIM1 inhibition 

of HIF-1α is a critical factor in the inhibitory effects of HEXIM1 on breast cancer cell 

invasion was supported by experiments where cotransfection of HIF-1α or HDAC1 

attenuated the inhibitory effects of HEXIM1 on MDA-MB-231 cell invasion.

To verify the inhibition of HIF-1α-mediated cell invasion by HEXIM1 we examined 

inhibition of HSulf-1 expression by HIF-1α. Down-regulation of HSulf-1 expression was 

shown to mediate hypoxia-mediated enhanced cell migration and invasion [33]. HSulf-1 was 

also shown to be a direct transcriptional target of HIF-1α. Down-regulation of HEXIM1 

resulted in further attenuation of HSulf-1 expression observed under hypoxic conditions 

(Figure 6B).

DISCUSSION

We have uncovered a novel function of HEXIM1 in directly modulating HIF-1α levels in 

breast cancer cells. The results from the present study indicate that HIF-1α is a direct target 

of HEXIM1 and that HEXIM1 regulates post-translational modifications of the HIF-1α 

protein known to be important for regulating HIF-1α protein stability. HEXIM1 is critical 

for the ability of PHD3 to down-regulate HIF-1α protein stability under hypoxia conditions. 

The functional relevance of this regulation is supported by attenuation of the expression of 

HIF-1α target gene expression and hypoxia-induced cell invasion by HEXIM1. The fact that 

HIF-1α is a direct target of HEXIM1 and HEXIM1 modulates post-translational 

modifications of HIF-1α supports the role for HEXIM1 as a critical regulator of HIF-1α 

activities in breast cancer cells.

PHD3 levels are relatively low across a wide range of normoxic cells, such that PHD2 was 

the most abundant enzyme in normoxic culture in all cells [22]. However, PHD3 is induced 

by hypoxia in certain cells (including breast cell lines MCF7 and BTB474) and under these 

conditions suppression of PHD3 by siRNA increased the half-life of HIF-1α under 

normoxia and hypoxia [22]. Moreover, there are differences with respect to HIF-1α 

activation between mice lacking PHD2 and mice lacking pVHL [34], suggesting residual 

prolyl hydroxylation of HIF-1α by PHD1 or PHD3 in cells lacking PHD2. These results 

suggest that PHD3 retains significant activity under hypoxic conditions and that the enzyme 

is important in limiting physiological activation of HIF (particularly HIF-2α) in hypoxia. 

PHD3 appears to have a lower oxygen Km than PHD2 [23] and therefore may remain active 

at intermediate levels of hypoxia that can inactivate PHD2. PHD3 is a HIF-1α target up-

regulated by HIF-1α, and is proposed to be part of the negative-feedback mechanism [35]. 

The up-regulation of PHD3 by HEXIM1 suggests HIF-1α-independent regulation by 

HEXIM1. In breast tumours, PHD3 expression has been correlated with good prognosis [36] 

and decreased PHD3 expression has been positively correlated with a basal phenotype [37]. 

Moreover, there is no evidence of methylation-induced epigenetic silencing of PHD1, PHD2 

and PHD3 in invasive carcinomas as the basis of increased HIF-1α expression [38]. 

However, PHD1–PHD3 expression did not correlate with HIF-1α expression in breast 

carcinomas [36]. Moreover, in contrast with the expected down-regulation of HIF-1α 
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activity by PHD3, PHD3 potentiates HIF-1α coactivator function of the pyruvate kinase 

isoform PKM2 in HeLa cells, resulting in metabolic reprogramming [39]. It is possible that 

the predominant effects of PHD3 depend on the expression of factors such as HEXIM1 that 

directs PHD3 to other HEXIM1-interacting factors such as HIF-1α. The opposite effects of 

HEXIM1 on PHD3 under normoxia and hypoxia may be opportune given the different roles 

of PHD3 targets, in particular Spry2 that has tumour-suppressor activities and is targeted by 

PHD3 under normoxic conditions [40]. In doing so, HEXIM1 may prevent some of the 

growth-promoting effects of PHD3 on cancer cells while inhibiting HIF-1α action. Although 

the basis for the opposite effects of HEXIM1 on PHD3 expression under normoxia and 

hypoxia is being further elucidated, the present study supports direct transcriptional 

regulation of PHD3 by HEXIM1.

HDAC1 deacetylates HIF-1α and is considered to be a positive regulator of HIF-1α stability 

via direct interaction [26]. However, the role of ARD1, the acetyltransferase that acetylates 

HIF-1α, in the regulation of HIF-1α is not clear, since both overexpression and silencing of 

ARD1 were shown to have no impact on the stability and on the mRNA levels of the 

downstream target genes of HIF-1α [27,28]. It has been proposed that these observations 

may be due to the expression of MTA1 (metastasis-associated protein 1) [26]. It has been 

reported that MTA1 is up-regulated under hypoxic conditions in breast cells [26]. MTA1 

then interacts with HDAC1, and the HDAC1–MTA1 complex interacts with the ODD 

domain of HIF-1α. As a result, HIF-1α is deacetylated, thereby blocking the degradation of 

the protein [26,41]. MTA1 inhibited ARD1-induced HIF-1α degradation, and MTA1 

expression levels were closely associated with ARD1 function [26]. In cell lines that express 

low levels of MTA1, ARD1-induced HIF-1α degradation was significant, whereas ARD1 

did not function in other cell lines, such as MCF7 and MDA-MB-231 cells, that express high 

levels of MTA1 in response to hypoxia. Thus cells with high levels of MTA1 may represent 

an instance where other modes of regulation of HIF-1α are needed. MTA1-induced 

deacetylation may counteract PHD3-induced hydroxylation and prevent HIF-1α 

ubiquitination and degradation. We determined that HEXIM1 is another determining factor 

in the acetylation of HIF-1α, even in cells that express high levels of MTA1 [26,42], by 

attenuating the interaction between HEXIM1 and HDAC1. It was recently reported that 

HDAC1 may be involved in the stabilization of HIF-1α [42]. However, this finding is in 

contrast with reports that HDAC1 inhibitors attenuate HIF-1α levels and signalling, 

tumorigenesis and angiogenesis [43–45]. Finally, it is possible that the interaction between 

HEXIM1 and HDAC1 regulates HIF-1α-mediated transcription through histone 

deacetylation. However, the enhancement of HIF-1α transcriptional activity has been 

reported to involve displacement of the histone deacetylases such as HDAC1 from the 

HIF-1α transcriptional complex [46,47].

HIF-1α is overexpressed in many human cancers and activates transcription of genes 

involved in crucial features of cancer biology, including angiogenesis, cell survival, glucose 

metabolism and invasiveness, thus representing an attractive target for a selective cancer 

therapy [12]. The present study provides new insight into how HIF-1α can be inhibited in 

breast cancer cells. Inhibition of these factors by HEXIM1 reveals aspects of HEXIM1 

mechanism of action not previously identified as it does not rely on HEXIM1 inhibition of 
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the transcriptional elongation machinery. Our studies also support HEXIM1 inhibition of 

another HIF-1α-regulated cellular processes, cell invasion. Consistent with the proposed 

role of HSulf-1 in hypoxia-mediated cell invasion, HEXIM1 attenuated HIF-1α inhibition of 

HSulf-1 expression.

VEGF, SDF-1 and CXCR4 are all HIF-1α target genes that are down-regulated by HEXIM1 

and provide a mechanistic basis for our observed effects of HEXIM1 not only on the 

primary tumour, but also on the tumour microenvironment. We recently reported that 

HEXIM1 inhibited the recruitment of BMDCs to primary tumours [14]. HEXIM1 inhibition 

of hypoxia-induced SDF-1 and CXCR4 expression provides a mechanism for HEXIM1 to 

indirectly act on BMDCs and to suppress metastatic cancer. Intratumoural hypoxia leads to 

the recruitment of BMDCs, endothelial and pericyte progenitors, tumour-associated 

macrophages, immature monocytic cells and myeloid cells [48]. Current evidence suggests a 

promotional role of BMDCs on the existing blood vessels rather than de novo 

neovascularization in tumours. These cells produce different pro-angiogenic factors and 

constitute an adaptive mechanism of resistance to angiogenic inhibitors under a low oxygen 

context. VEGF and SDF-1 are essential in recruiting BM-derived myelomonocytic cells to 

tumours [49]. BMDCs express the SDF-1 receptor CXCR4 and are recruited to hypoxic 

tissue by cell tropism to SDF-1 [50].
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ARD1 arrest-defective protein 1

BMDC bone-marrow-derived cell

CXCR4 CXC chemokine receptor 4

GAPDH glyceraldehyde-3-phosphate dehydrogenase

HA haemagglutinin

HSulf-1 endosulfatase 1

HDAC1 histone deacetylase 1

HEXIM1 hexamethylene-bis-acetamide-inducible protein-1

HMBA hexamethylene-bis-acetamide

HIF hypoxia-inducible factor

LOXL2 lysyl oxidase-like 2
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MTA1 metastasis-associated protein 1

ODD oxygen-dependent degradation

PHD prolyl hydroxylase

pVHL von Hippel–Lindau protein

PyMT Polyoma Middle-T antigen

RT reverse transcription

SDF1 stromal-cell-derived factor 1

VEGF vascular endothelial growth factor
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Figure 1. HEXIM1 destabilizes HIF-1α protein
(A) MCF7 cells were transfected with the expression vector for control miRNA or HEXIM1 

miRNA. Shown are representative Western blots (left-hand panels, representative of five 

experiments) or RT–PCR (right panel, representative of three experiments) indicating 

HIF-1α levels under normoxia and hypoxia. (B) MDA-MB-231 cells were transfected with 

control vector or expression vector for FLAG (FL)–HEXIM1. Shown are representative 

Western blots (left-hand panel, representative of four experiments) or RT–PCR (right-hand 

panel, representative of three experiments) indicating HIF-1α levels under normoxia and 

hypoxia. (C) Cells were transfected with expression vector for HEXIM1 or empty vector. 

The cells were incubated under hypoxia for 8 h as indicated. At the end of treatment, 100 

μM cycloheximide (CHX) was added to the medium for the indicated time periods. The 

expression of HIF-1α and GAPDH were analysed by Western blot analysis. The density of 

the HIF-1α protein band was determined using an image analysis system. The values were 

normalized to GAPDH and expressed as percentage change relative to the time zero. Graphs 

show means±S.E.M. from three experiments. *P < 0.05 compared with control transfected 

cells with no CHX. Statistical significance was based on one-way ANOVA. (D) HIF-2α 

levels were analysed by Western blot analyses of cell extracts from MCF7 cells transfected 

with expression vector for control miRNA or HEXIM1 miRNA and subjected to hypoxia 

treatment. The results are representative of two experiments. Molecular masses in kDa are 

shown next to the Western blots.
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Figure 2. HEXIM1 interacted with HIF-1α and down-regulation of HEXIM1 resulted in 
decreased levels of hydroxylated and ubiquitinated HIF-1α and attenuated the HIF-1α–pVHL 
interaction
(A) Upper panels, MCF7 cells and MDA-MB-231 cells were subjected to hypoxia treatment 

(8 h). Lysates were immunoprecipitated (IP) using antibodies against HIF-1α or HEXIM1 

and analysed for co-immunoprecipitating proteins by Western blotting using HEXIM1 

antibody. Normal rabbit immunoglobulin was used as a specificity control. Input lanes 

represent 25 % of the total protein. MCF7 and MDA-MB-231 panels represent five and 

three experiments respectively. Lower panel, in vitro translated and [35S]methionine-

labelled HIF-1α was incubated with GST or GST–HEXIM1 bound to Sepharose. Input lane 

represents 10 % of the total volume of in vitro translated product used in each reaction. 

Panels represent eight experiments. (B) Lysates from control miRNA or HEXIM1 miRNA 

transfected MCF7 cells were immunoprecipitated using anti-HIF-1α antibody and analysed 

by Western blotting using the indicated anti-(pan-ubiquitinated HIF-1α) (Ub-HIF1a) 

antibody. Cells were subjected to hypoxia and MG132 (10 uM) treatments to accumulate 

ubiquitinated HIF-1α. Panels are representative of three experiments. (C) Western blot 

analyses of HIF-1α hydroxylated at Pro564 (P564OH) and total HIF-1α in lysates from 
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hypoxia-treated control miRNA or HEXIM1 miRNA transfected MCF7 cells. Panels are 

representative of six experiments. (D) Control miRNA or HEXIM1 miRNA transfected 

MCF7 cells were subjected to hypoxia and MG132 (10 uM) treatments. Lysates were 

immunoprecipitated using anti-HIF-1α antibody and analysed for co-immunoprecipitating 

proteins by Western blotting using anti-pVHL antibody. Normal rabbit immunoglobulin was 

used as a specificity control. Input lanes represent 25 % of the total protein. Panels are 

representative of three experiments. (E) pVHL-deficient RCC4 or wild-type pVHL 

transfected RCC4 cells were transfected with control vector or expression vector for FLAG 

(FL)–HEXIM1. The cells were incubated under hypoxia for 8 h as indicated. The expression 

of HEXIM1, HIF-1α and GAPDH were analysed by Western blot analyses. Panels are 

representative of four experiments. Molecular masses in kDa are shown next to the Western 

blots.
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Figure 3. HEXIM1 up-regulated expression and interaction with PHD3
(A) Left-hand panel, ChIP analyses of MCF7 cell lysates immunoprecipitated with 

antibodies against HEXIM1 or control non-specific rabbit immunoglobin, followed by PCR 

amplification of the −3790/−3677 region of the PHD3 gene. Panels are representative of 

three experiments. Right-hand panel, PHD3 mRNA levels in control and FLAG (FL)–

HEXIM1-transfected MDA-MB-231 cells were quantified and normalized to GAPDH. 

Panels are representative of three experiments. (B) Representative Western blots indicating 

regulation of PHD3 by HEXIM1 in hypoxia-treated MCF7 cells and MDA-MB-231 cells. 

Panels are representative of three experiments. Also shown is a representative Western blot 

of PHD3 expression in tumour lysates from control and doxycycline-treated PyMT/MMTV/

HEXIM1 mice. Blots were probed with anti-GAPDH antibody as a loading control. Panels 

represent five mice per group [±doxycycline (DOX)]. (C) MCF7 cells and MDA-MB-231 

cells were subjected to hypoxia treatment (8 h). Lysates were immunoprecipitated (IP) using 

the antibodies indicated and analysed for co-immunoprecipitating proteins by Western 

blotting using anti-PHD3 antibody. Normal rabbit immunoglobulin was used as a specificity 

control. Input lanes represent 25 % of the total protein. Panels are representative of three 

experiments. (D) Expression of HIF-1α under hypoxic conditions in control miRNA and 
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HEXIM1 miRNA transfected MCF7 cells and in the absence or presence of HA-tagged 

PHD3 were analysed by Western blot analyses. Panels are representative of at least three 

experiments. Molecular masses in kDa are shown next to the Western blots.
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Figure 4. Down-regulation of HEXIM1 resulted in enhanced HIF-1α–HDAC1 interaction and 
deacetylation of HIF-1α

(A) Control and HEXIM1 miRNA transfected MCF7 cells were subjected to hypoxia 

treatment (8 h). Lysates were immunoprecipitated (IP) using anti-HIF-1α antibody and 

analysed by Western blotting using the indicated anti-pan-acetyl antibody. Panels are 

representative of two experiments. (B) MCF7 cells were subjected to hypoxia treatment (8 

h). Lysates were immunoprecipitated using the indicated antibodies and analysed for co-

immunoprecipitating proteins by Western blotting using the indicated antibodies. Normal 

rabbit immunoglobulin was used as a specificity control. Input lanes represent 25 % of the 

total protein. Panels are representative of three experiments. (C) In vitro translated and 

indicated [35S]methionine-labelled proteins were incubated with the indicated GST-fusion 

proteins bound to Sepharose. The Input lane represents 10 % of the total volume of in vitro 

translated product used in each reaction. Panels are representative of eight experiments. 

Molecular masses in kDa are shown next to the Western blots.
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Figure 5. HEXIM1-regulated expression of HIF-1α-regulated genes
Hypoxia-induced changes in VEGF, SDF-1, CXCR4 and LOXL2 mRNA levels in (A) 

control miRNA and HEXIM1 miRNA transfected MCF7 cells or (B) control and FLAG 

(Fl)–HEXIM1 transfected MDA-MB-231 cells were quantified and normalized to GAPDH. 

Panels are representative of three experiments. (C) SDF-1 and CXCR4 protein levels in 

control miRNA and HEXIM1 miRNA transfected MCF7 cells were quantified and 

normalized to GAPDH. Histograms show the means±S.E.M. from three experiments. *P < 

0.05 compared with control transfected cells with the same treatment (for 8 h). Panels are 

representative of three experiments.
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Figure 6. HEXIM1 inhibited hypoxia-induced invasion of MDA-MB-231 cells
(A) MDA-MB-231 cells were transfected with expression vector for HEXIM1 or empty 

vector, in the absence or presence of increasing levels of expression vectors for HDAC1 or 

HIF-1α. Cells were then subjected to hypoxia treatment. Invasion of cells through Matrigel 

was assessed in the transwell invasion assay. *P < 0.05 compared with cells transfected with 

HEXIM1 expression vector only (i.e. 1:0). Panels are representative of five experiments. (B) 

Hypoxia-induced changes in HSulf-1 mRNA levels in control miRNA and HEXIM1 

miRNA transfected MCF7 cells were quantified and normalized to GAPDH. Graphs are 

means±S.E.M. from three experiments. *P < 0.05 compared with control transfected cells 

with the same treatment.
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