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The proline-rich homeodomain protein (PRH) plays multiple roles in the control of gene expression during
embryonic development and in the adult. Vascular endothelial growth factor (VEGF) is a mitogen that
stimulates cell proliferation and survival via cell surface receptors including VEGFR-1 and VEGFR-2. VEGF
signaling is of critical importance in angiogenesis and hematopoiesis and is elevated in many tumors. Here we
show that PRH binds directly to the promoter regions of the Vegf, Vegfr-1, and Vegfr-2 genes and that in each
case PRH represses transcription. We demonstrate that overexpression or knockdown of PRH directly im-
pinges on the survival of both leukemic and tumor cells and that the modulation of VEGF and VEGF receptor
signaling by PRH mediates these effects. Our findings demonstrate that PRH is a key regulator of the VEGF
signaling pathway and describe a mechanism whereby PRH plays an important role in tumorigenesis and
leukemogenesis.

Tumor formation and progression to metastasis result from
a multistep process that involves increased tumor cell survival
or proliferation accompanied by the inhibition of differentia-
tion, migration of tumor cells to sites favoring tumor growth
(metastasis), increased tumor-related angiogenesis, and de-
creased immune surveillance. A critical signaling pathway in-
volved in multiple processes that lead to tumor formation and
progression to metastasis is triggered by vascular endothelial
growth factor (VEGF). VEGF and its receptors VEGFR-1
(Flt-1) and VEGFR-2 (Flk-2/KDR) are essential for blood
vessel formation (17, 23), and these proteins are involved in
nearly all human tumors (23, 40, 54, 69). Several studies have
demonstrated that many tumors exhibit increased survival as a
result of a VEGF-dependent autocrine signaling pathway (24,
40, 75, 77). Increased expression of the VEGF receptors has
also been observed in the tumor vasculature, underscoring the
importance of VEGF signaling for tumor angiogenesis (7, 15).
VEGF and VEGFR-1 are also essential for hematopoiesis (24,
32). VEGF is able to stimulate angiogenesis in tumors by
recruiting bone marrow-derived VEGFR-1� hematopoietic
progenitor cells (HPCs) to the “premetastatic niche” (35),
followed by recruitment of VEGFR-2� circulating endothelial
progenitors (CEPs) and perivascular VEGFR-1� HPCs/pro-
genitor cells (26, 31, 39). In addition, VEGF is involved in
establishing the immune privilege of tumors by blocking den-
dritic cell differentiation (19, 20).

The Vegf gene is activated by a plethora of transcription
factors and signaling pathways (38, 50). Physiological stress
conditions such as hypoxia (25, 61) and hypoglycemia (51, 68)
induce Vegf expression and thus contribute to tumor growth.

Increased Vegf expression in response to hypoxia occurs as a
result of transcription activation by hypoxia-inducible factor 1�
(HIF1�) (59, 67) and also as a result of Vegf mRNA stabiliza-
tion and increased translation (1, 5, 8, 60). The negative reg-
ulation of expression of the Vegf gene is less well characterized,
although it has been noted that the tumor suppressor proteins
p53 (56, 79), SMAD4/DPC4 (58), p16 (78), and von Hippel-
Lindau (VHL) protein (41, 42) all downregulate angiogenesis
and Vegf expression. Transcriptional activation and/or upregu-
lation of the VEGF receptor genes under normoxia and hyp-
oxia has also been investigated. The Vegfr-1 gene is activated by
many transcription factors including CREB and ETS1 (74),
HIF1� (22), ETS1 and HIF2� (14), and p53, together with
estrogen receptors (45). The Vegfr-2 gene is activated by TFII-I
at initiator elements in the promoter, and this activation is
antagonized by TFII-IRD1 (33). Transcription of Vegfr-2 is
also activated by SP1 (52), Ets1 in combination with HIF2�
(16), and GATA-2, which binds in the 5� untranslated region of
this gene (47). Little is known about the negative regulation of
Vegfr-1 and Vegfr-2.

The proline-rich homeodomain protein PRH/Hhex regu-
lates hematopoiesis and vasculogenesis as well as many other
processes in the developing embryo and adult (reviewed by
Soufi and Jayaraman [62]). PRH is an oligomeric protein and
has a high affinity for multiple clustered PRH binding sites (64,
76). PRH acts as a context-dependent transcription factor to
activate or repress transcription depending on its target gene
(62). When bound to DNA, PRH represses transcription by
recruiting members of the Groucho/TLE family of corepressor
proteins (27, 66), influencing both the phosphorylation and
nuclear retention of these proteins (12). Microarray experi-
ments in PRH�/� embryoid bodies have shown that many
genes within the hematopoietic compartment are regulated by
PRH expression, but as yet very few genes have been shown to
be direct targets (28).
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PRH functions as a negative regulator of cellular growth in
hematopoietic cells (37, 71) and binds to the growth regulator
and angiogenic inhibitor PML and eukaryotic translation ini-
tiation factor 4E (eIF4E) (70, 72). PRH can inhibit the mRNA
transport activity of eIF4E, and this posttranscriptional activity
of PRH blocks oncogenic transformation by eIF4E (71). High
levels of PRH expression in hematopoietic cells generally lead
to cell death (21, 34), although in mouse bone marrow trans-
plantation experiments there is also outgrowth of T-cell leu-
kemias (21). In contrast loss of PRH leads to increased cell
proliferation in embryonic stem (ES) cell differentiation mod-
els (37) and in mice (29). Prh�/� knockout mice show a num-
ber of defects, including cardiac and vascular defects, and have
elevated Vegf expression (29), and PRH�/� embryoid bodies
have elevated Vegf mRNA levels, as determined using microar-
rays (28). Collectively, these findings strongly suggest that
PRH negatively regulates vascular and hematopoietic cell
growth and regulates Vegf expression. PRH also has a role in
the expression of the VEGF receptors, as overexpression of
PRH in human umbilical vein endothelial cells (HuVECs)
leads to downregulation of the Vegfr-1 and Vegfr-2 genes as
well as to downregulation of the VEGF coreceptor neuropi-
lin-1 gene and some other proangiogenic genes (49). Further-
more, PRH has been shown to repress expression of the
Vegfr-2 gene in endothelial cells by inhibiting the binding of
GATA-2 to the Vegfr-2 promoter (46).

Here we demonstrate that PRH regulates the VEGF-VEGF
receptor axis by repressing both the Vegf gene and the Vegfr-1
and Vegfr-2 receptor genes using a direct transcriptional mech-
anism. We show that regulation of the VEGF-VEGF receptor
signaling pathway (VSP) by PRH exerts a profound influence
on cell survival.

MATERIALS AND METHODS

Mammalian expression and reporter plasmids. The expression vectors
pMUG1-Myc-PRH, pMUG1-Myc-PRHF32E, and pCMV2-Flag-TLE1 are de-
scribed in reference 66. pMUG1-Myc-PRHR188A,R189A, pMUG1-Myc-
PRHN187A, and pEGFP-PRH are described in reference 12. A QuikChange kit
(Stratagene) was used for the mutagenesis of pMUG1-Myc-PRH to produce
pMUG1-Myc-PRHL23A,L24A. pCS2-Hex-VP16 (PRH-VP16) (6) was a gener-
ous gift from J. Brickman. pCMV2-TLE1 is a Flag-tagged TLE1 expression
vector that has been previously described (66). The pGL2-1213Vegfr1-luc (R1
1.2), pGL2-694Vegfr1-luc (R1 0.7), and pGL2-200Vegfr1-luc (R1 0.2) reporter
plasmids were constructed by cloning PCR fragments corresponding to se-
quences from �1213 to �154, �694 to �154, and �200 to �154 relative to the
first exon in the Vegfr-1 gene between the BglII and HindIII sites of pGL2
(Promega). The pGL2-1326-Vegfr2-luc (R2 1.3) and pGL2-415-Vegfr-2-luc (R2
0.4) reporter plasmids were constructed by cloning PCR fragments correspond-
ing to sequences from �1326 to �49 and �415 to �49 relative to the first exon
in the Vegfr-2 gene, between the BglII and HindIII sites of pGL2. The pGL3
�1.8 Vegf reporter plasmid (A 1.2) was a gift from Bruce Spiegelman (2). The
pGL3 �4.0 Vegf (A 4.0) and pGL3 �2.3 Vegf (A 2.3) reporter plasmids were
constructed by cloning PCR fragments corresponding to sequences from 4.0 to
1.2 kbp and from 2.3 to 1.2 kbp, respectively, upstream of the first exon in Vegf
into the KpnI site in the pGL3 �1.8 Vegf reporter (here referred to as A 1.2).
All constructs were verified by DNA sequencing. pSV-lacZ (Promega), pTK-
luciferase, and pTK-PRH-luciferase reporters have been described previously
(27). PRH short hairpin RNA (shRNA) plasmids and green fluorescent protein
(GFP) shRNA were from Origene. pBJ Flt-1, pBJ KDR, and pCDNA3 VEGF
165 are the expression plasmids for VEGFR-1, VEGFR-2 and VEGF, respec-
tively, and were a kind gift from D. Bates.

Cell culture and transfections, transcription assays, and Western blotting.
Cell culture, transient transfections, transcription assays, and Western blotting
were carried out as described in reference 12. VEGF antibody (VG76e) (18) was
a gift from R. Bicknell. The anti-Myc mouse monoclonal antibody Myc9B11 was

obtained from Cell Signaling Technology and the lamin A/C rabbit polyclonal
antibody H-110 from Santa Cruz. Anti-PRH mouse polyclonal antibodies were
produced in-house and have been described previously (63).

Quantitative reverse transcriptase-mediated PCR (qRT-PCR) and chromatin
immunoprecipitation (ChIP). Cells (1 � 107) were transfected with 10 �g
pMUG1-PRH or PRH mutant plasmids for 48 h. In cotransfection experiments
the PRH shRNA knockdown (KD) cells and shRNA control cells were trans-
fected with 5 �g pMUG1-PRH and 2.5 �g pCMV2-TLE1 for 48 h. RNA was
produced according to standard protocols. The quantitative PCR was performed
in triplicate as described in reference 63 using primers listed below, and the data
were analyzed using Rotorgene 6 software (Corbett Research; Rotorgene RG-
3000). GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used as the
internal control. Results for relative expression ratios were calculated according
to the efficiency calibrated mathematical model (53).

The primers used were as follows: Vegfr-1 forward, 5�TGGCCATCACTA
AGGAGCACTCC3�, and reverse, 5�GGAACTGCTGATGGCCACTGTG3�;
Vegfr-2 forward, 5�TTAGTGACCAACATGGAGTCGTG3�, and reverse, 5�
TAGTAAAGCCCTTCTTGCTGTCC3�; Vegf forward, 5�ATCAGCGCAGC
TACTGCCATCC3�, and reverse, 5�TCTCCTATGTGCTGGCCTTGGTG3�;
and GAPDH forward, 5�TGATGACATCAAGAAGGTGGTGAAG3�, and
reverse, 5�TCCTTGGAGGCCATGTGGGCCAT3�.

For ChIP K562 cells (108 cells per ChIP) were transiently transfected with
10 �g pMUG1-Myc-PRH. ChIP was carried out exactly as described in
reference 76. Hot-start PCR (30 cycles of 94°C for 1 min, 60°C for 1 min, and
72°C for 1 min) was performed using the following primers. For actin, the
primers were FW, 5�CCGGCGGGGTCTTTGTCTGAGC3�, and REV, 5�G
GGCCGGCCGCGTTATTACCA3�. For Vegfr-1, the primers were 1P1(FWD), 5�
CCTTGGTGTGCAGCCCAGAAATG3� (�1216 to �1194), and 1P1(REV), 5�C
ACCCGCCCAAGTCATTTCCTC3� (�727 to �706); 1P2(FWD), 5�GCGCCTC
AGTCCTCCGTGCCAAGAAC3� (�481 to �456), and 1P2(REV), 5�CACTTCC
TACCCCGGCACCTCCTTCTGG3� (�72 to �45); and 1P3(FWD), 5�GAAGAG
GGTAGGTGGGGAGGCGGATGA3� (�123 to �97), and 1P3(REV), 5�CCCC
AGCCGCGCCTCACCTGT3� (�346 to �364). For Vegfr-2, the primers were
2P1(FWD), 5�TGCCTCTGCCAAAAGAAAAG3� (�1322 to �1303), and
2P1(REV), 5�GAACTCCAATTCCTTCCTGACCACATTC3� (�926 to �899);
2P2(FWD), 5�CCTTCTTGGGGCTAGGCAGGTCACTTCA3� (�671 to �644),
and 2P2(REV), 5�GATCTCCAGCTCCCCAAGCCCATTTA3� (�148 to �123),
and 2P3(FWD), 5�GTGTGGGGAAATGGGGAGATGTAAATGGG3� (�169 to
�141), and 2P3(REV), 5�CCTCTCCGCCCTCACCCGACCTGTC3� (�401 to
�424).

Thirty-five cycles of 94°C for 1 min, 49°C for 1 min, and 72°C for 1 min were
performed using the following primers for Vegf: AP1(FWD), 5�AAAGACCCAAC
TCAAGTATCATCTCCAGG3� (�4712 to �4684), and AP1(REV), 5�CACTCA
CTGTGTGGCCTTAGGTTATTCAAC3� (�4296 to �4267); AP2(FWD), 5�TTT
TGGGGTCAGACTTGGAGGAATAG3� (�3966 to �3942), and AP2(REV), 5�
TCTCTCTCCCCGCCTAGGTCTTTG3� (�3536 to �3513); AP3(FWD), 5�TGG
TCTTGTGATTGTTGTTTTGTGCTTT3� (�2673 to �2646), and AP3(REV), 5�
GTCCTCCATGGTGGTACCCAGCAA3� (�2304 to �2280); AP4(FWD), 5�CT
GGAGCGTTTTGGTTAAATTGAGGGA3� (�1655 to �1629), and AP4(REV),
5�ATCAGCCCAAGCCCAGACTCATAGC3� (�1232 to �1208); and AP5
(FWD), 5�TCAGAAATAGGGGGTCCAGGAGCAAAC3� (�671 to �645), and
AP5(REV), 5�CACAGCCTGAAAATTACCCATCCG3� (�237 to �214).

Knockdown experiments. In PRH shRNA knockdown experiments, 5 � 106

cells were electroporated using 10 �g GFP shRNA (control) or 5 �g PRH49 and
5 �g PRH51 shRNA plasmids in combination. Cells were selected with 1 �g/ml
puromycin for 1 week, and then 1 � 106 cells were harvested and used for RNA
production or Western blotting. At least 5 independent knockdown experiments
were performed with each cell line. Transient transfection of control and PRH
KD cells was performed after 11 days of puromycin selection.

MTT assays and cumulative growth curves. Around 2,000 K562 cells or 5,000
MCF-7 cells were placed in a 96-well plate. To treated cells, either 50 ng/ml
VEGF165, 50 �g/ml VEGF antibody (VG76e) (18), 1 �M or 2 �M Sugen
(SU1498), or 1 �M or 2 �M SU11248 was added. Control cells were treated with
an equivalent volume of dimethyl sulfoxide (DMSO). After 72 h, cells were
centrifuged at 200 � g and the media were removed. MTT [3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) assays were carried out accord-
ing to the method of Mosmann (48). SU1498 (Calbiochem) and VEGF antibody
(VG76e) and SU11248 (LC Labs) were kind gifts from P. Hewett and R. Bick-
nell, respectively.

For cumulative growth curves, cells were set to 3 � 105 cells/ml daily or as
required and viable cells were counted over 2 weeks using trypan blue exclusion
staining. All dilutions of the cells were recorded, and the cumulative growth was
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calculated using the equation concentration � volume � dilution factor � total
number of cells.

Flow cytometry and AV staining. For cell cycle analysis �1 � 106 cells were
washed twice in phosphate-buffered saline (PBS) and resuspended in RPMI
media. Igepal (1%, final concentration) and propidium iodide (PI; 50 �g/ml, final
concentration) were added immediately before data collection. Data (10,000
events/sample) were collected using a FACSCalibur apparatus (Becton Dickin-
son), and results were analyzed with Becton Dickinson Cell Quest software. For
annexin V (AV) analysis, �1 � 106 cells were washed twice in PBS and resus-
pended in 1� buffer (10 mM HEPES-NaOH [pH 7.4], 0.14 M NaCl, 2.5 mM
CaCl2). Cells were incubated with 5 �l annexin V-allophycocyanin (APC) (Bec-
ton Dickinson; 550474) and PI (5 �g/ml, final concentration) for 30 min at room
temperature. Data were collected as described above. Results were analyzed for
significance using the unpaired Student t test.

RESULTS

PRH represses Vegf, Vegfr-1, and Vegfr-2 expression. The
K562 cell line is a chronic myeloid leukemia (CML) cell line in

blast crisis (36) which expresses VEGF, VEGFR-1, and PRH
and is therefore a useful cell type in which to examine the
effects of PRH on the Vegf and Vegfr-1 genes (3, 13, 66). K562
cells were transiently transfected with a plasmid that expresses
Myc-tagged PRH or with an equivalent amount of the empty
vector. Titration experiments show that Myc-PRH expression
levels in these experiments are roughly equivalent to the ex-
pression level of the endogenous PRH protein (Fig. 1A). Vegf
and Vegfr-1 mRNA levels were then determined using quanti-
tative reverse transcriptase-mediated PCR (qRT-PCR). PRH
is able to repress the Vegfr-1 gene to approximately 40% of its
unrepressed expression level and to repress expression of the
Vegf gene to approximately 60% of its unrepressed expression
level (Fig. 1B). Vegfr-2 mRNA is barely detectable in these
cells (13), so it is not possible to determine the effect of PRH
overexpression on Vegfr-2 mRNA levels.

FIG. 1. PRH represses VSP genes. (A) Western blot of whole-cell extracts from K562 cells transiently transfected with increasing amounts of
a plasmid expressing Myc-tagged PRH. Proteins were stained with a mouse anti-PRH antibody (top), the Myc9E10 monoclonal antibody (middle),
and a lamin A/C antibody (bottom). (B) Vegfr-1 and Vegf mRNA levels in K562 cells 48 h after transfection with 10 �g pMUG1 or pMUG1-
Myc-PRH. mRNA levels were determined by qRT-PCR using specific primers and compared to those of GAPDH. Values are means and standard
deviations (SD) (n � 5). (C) Western blot of whole-cell extracts from K562 cells cotransfected with shRNA plasmids SVC shRNA, PRH shRNA
1, PRH shRNA 2, and PRH shRNA (1�2) (4). Proteins were stained with rabbit PRH antibody and lamin A/C antibody. (D) Prh, Vegf, Vegfr-1,
and Vegfr-2 mRNA levels after shRNA (sh) cotransfection. Black bars represent SVC shRNA-targeted cells and gray bars PRH shRNA
(1�2)-targeted cells. Values are means and SD (n � 5). (E) Western blot of whole-cell extract from K562 cells transfected with empty pMUG1
or pMUG1-MycPRH. Proteins were stained with VEGF antibody or lamin A/C antibody.
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Knockdown experiments using shRNA constructs against
the PRH transcript or scrambled control shRNA followed by
Western blot analysis show that endogenous PRH levels are
significantly reduced in cells expressing the PRH shRNA com-
pared to cells expressing the control shRNA (Fig. 1C, top) and
that equal amounts of protein are loaded (Fig. 1C, bottom).
The combination of two different shRNAs against PRH gives
the most potent knockdown (Fig. 1C, top), and subsequent
knockdown experiments were carried out using this combina-
tion.

We next looked at the expression levels of the VSP genes in
the PRH knockdown (KD) cells. The levels of relative mRNA
expression of the Vegfr-1 and Vegf genes are increased by
approximately 4.5-fold and 4-fold, respectively, in the PRH KD
cells compared to the control cells (Fig. 1D). This suggests that
PRH represses transcription of the Vegfr-1 and Vegf genes in
these cells. Significantly, in the PRH KD cells the low level of
Vegfr-2 mRNA is also increased compared to that in control
cells. We infer that PRH also represses transcription of the
Vegfr-2 gene in these cells. Western analysis confirms that
VEGF protein levels are decreased when PRH is overex-
pressed (Fig. 1E). We were unable to examine the effects of
PRH on the levels of the endogenous receptor proteins due to
their low expression levels in K562 cells. Nevertheless, the
results of these overexpression and knockdown studies confirm
that the genes encoding VEGFR-1, VEGFR-2, and VEGF are
all downregulated by PRH in K562 cells.

Repression by PRH requires DNA binding and recruitment
of TLE. To determine whether the regulation of these genes
requires the DNA binding activity of PRH and/or interaction
with other proteins, we made use of mutated PRH proteins
that have been described previously. PRH F32E is unable to
bind to the corepressor protein TLE-1, and PRH N187A is
unable to bind to DNA (12, 66). We also generated a mutant
PRH protein that has previously been shown to be unable to
bind to eIF4E (PRH L23A,L24A) and is consequently defec-
tive in posttranscriptional regulation of the cyclin D1 mRNA
(71). K562 cells were transfected with the PRH expression
vector described above or equivalent amounts of plasmids ex-
pressing the mutated proteins. Overexpression of wild-type
PRH is able to repress expression of the Vegf gene to approx-
imately 60% of its unrepressed level (Fig. 2A,). However, PRH
F32E and PRH N187A are unable to repress the Vegf gene
(bars 3 and 5), whereas PRH L23A,L24A represses expression
to the same extent as wild-type PRH (bar 4). The mutated
PRH proteins have the same effects on expression of the
Vegfr-1 gene (Fig. 2B). Figure 2C shows that the mutated PRH
proteins are expressed at roughly equal levels in the trans-
fected cells.

Given that interaction between PRH and TLE appears to be
required for repression of these genes, we next examined the
effects of overexpressing TLE-1 and PRH in control cells and
PRH KD cells. Overexpression of PRH alone represses ex-
pression of the Vegf mRNA to about 60% of its unrepressed
level (Fig. 2D, bar 2), and overexpression of TLE-1 alone
represses this gene to approximately 75% of its unrepressed
level (Fig. 2D, bar 3). Coexpression of both PRH and TLE-1
results in approximately 50% repression (Fig. 2D, bar 4). As
expected, in PRH KD cells Vegf mRNA levels are elevated
compared to those in control cells (compare bars 1 and 5).

Overexpression of PRH in these cells results in strong repres-
sion of the Vegf gene (Fig. 2D, bar 6). In contrast, overexpres-
sion of TLE1 in PRH KD cells does not result in a significant
change in Vegf mRNA levels (Fig. 2D, bar 7). However, coex-
pression of PRH and TLE-1 in these cells results in a more
potent repression of the Vegf gene than overexpression of PRH
alone (compare bars 6 and 8). These data show that PRH and
TLE-1 together cause additional repression of the Vegf gene
and that the effects of TLE on Vegf expression in control cells
are dependent upon endogenous PRH. Corepression by
TLE-1 and PRH is also observed for the Vegfr-1 mRNA (Fig.
2E). Taken together with the data shown above, these results
strongly suggest that repression of these genes by PRH does
not involve interaction with eIF4E but rather occurs through
the regulation of transcription in conjunction with TLE pro-
teins.

PRH is present at the Vegf, Vegfr-1, and Vegfr-2 promoters.
SELEX (systematic evolution of ligands by exponential enrich-
ment) experiments with random oligonucleotides and a truncated
protein consisting of the PRH homeodomain and C-terminal
region have identified a consensus DNA binding sequence 5�C/t
A/tATTAAA/g3� (lowercase letters indicate base pairs found less
frequently) (9). Unlike the truncated PRH protein used in the
SELEX experiments, full-length PRH forms oligomers and
binds with high affinity to promoter DNA containing multiple
5�ATTA3� sequences that do not match the consensus se-
quence (64, 76). To assess whether PRH is likely to bind to
sites within the regulatory regions of the Vegfr-1, Vegfr-2, and
Vegf genes, we analyzed the sequence 5,000 bp upstream of the
first exon for the presence of core 5�ATTA3� sequences. As
expected, the Vegf, Vegfr-1, and Vegfr-2 genes all contain mul-
tiple potential binding sites for PRH as defined by the core
5�ATTA3� motif. The Vegfr-1 promoter region contains 5 clus-
ters of potential PRH sites located approximately 0.98 kb, 2.2
kb, 4.2 kb, 4.6 kb, and 4.8 kb upstream of the first exon (Fig.
3A). In addition there are several nonclustered potential PRH
sites. At the Vegfr-2 promoter there are 2 major clusters of
potential PRH binding sites located approximately 1.1 kb and
2.8 kb upstream of the first exon (Fig. 3B). Both of these
clusters contain 7 potential PRH sites within 250 bp of DNA.
Again, there are many additional nonclustered potential PRH
sites. However, like the Vegfr-1 promoter, the Vegfr-2 promoter
region does not contain an exact match to the consensus PRH
site defined by SELEX. At the Vegf promoter there are 14
potential PRH sites located within 5,000 bp upstream of the
first exon, including a consensus PRH binding site at 4.77 kb
upstream; however, the sites appear to be less closely clus-
tered than those present in the Vegfr-1 and Vegfr-2 promot-
ers (Fig. 3C).

We next carried out chromatin immunoprecipitation (ChIP)
assays using Myc-PRH and a Myc antibody. Endogenous PRH
could not be assessed in these experiments, as the available
antibodies do not immunoprecipitate PRH sufficiently ro-
bustly. PCR was performed with primer pairs that specifically
amplify sequences within the promoter region of each gene.
Primer pairs specific for sequences present in the actin pro-
moter were used as a negative control in this experiment and
all subsequent ChIP experiments. In the presence of exoge-
nous PRH, there is no specific product from within the actin
promoter (Fig. 3A, left). At the Vegfr-1 promoter, primer pair
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1P3 (�123 to �364 relative to the start of the first exon) did
not produce a PCR product after ChIP (Fig. 3A). However,
amplicons 1P2 (�481 to �45) and 1P1 (�1216 to �706) both
produced specific PCR products (Fig. 3A). In the presence of
normal IgG there is relatively little or no product visible with
these primer pairs. These experiments thus demonstrate that
Myc-PRH is associated with the Vegfr-1 promoter. The region
between �1216 and �706 contains multiple potential PRH
sites (1P1). The association of PRH with DNA from �481 to
�45 (1P2) could be the result of PRH binding to nonconsensus
sites within this region or could simply be a consequence of the
intrinsic low resolution of semiquantitative ChIP experiments.
To address this point, we carried out electrophoretic mobility
shift assay (EMSA) experiments with the PRH homeodomain
and DNA fragments derived from regions 1P1 and 1P2. In all
cases the PRH homeodomain formed a ladder of PRH-DNA
complexes, confirming that PRH can bind to multiple sites
within 1P1 and suggesting that PRH also binds to multiple

nonconsensus binding sites in 1P2 (data not shown). We con-
clude that PRH binding at the Vegfr-1 promoter includes but is
not limited to “ATTA” sequences.

At the Vegfr-2 promoter, primer pairs that amplify sequences
located approximately 1,322 bp to 899 bp (2P1) and 671 bp to
123 bp (2P2) upstream of the first exon, as well as primers
located between �169 and �424 (2P3), all produced specific
PCR products after ChIP with the Myc antibody (Fig. 3B). In
all cases, in the presence of normal IgG antibody no PCR
product was produced. These data suggest that PRH could be
associated with the cluster of potential PRH binding sites
present around 1.1 kb upstream of the Vegfr-2 promoter as well
as with the more promoter-proximal PRH binding sites.
EMSA experiments show that PRH is capable of binding to
DNA fragments derived from 2P1 and 2P2 in vitro (data not
shown). We conclude that PRH also binds to multiple binding
sites within the Vegfr-2 promoter that include ATTA and non-
consensus sequences.

FIG. 2. PRH represses VSP genes in conjunction with TLE proteins. (A) Vegf mRNA levels in K562 cells 48 h after transfection with 10 �g
pMUG1 (�) or pMUG1 vectors expressing PRH (wild type [WT], PRH F32E, PRH L23A,L24A, or PRH N187A). mRNA levels were determined
as for Fig. 1. Values are means and SD (n � 3). (B) As for panel A except that relative levels of expression of Vegfr-1 are shown. Values are means
and SD (n � 3). (C) Western blot of Myc-PRH expression in K562 cells 48 h after transfection with the vectors described for panel A. Whole-cell
extracts were run on a sodium dodecyl sulfate-polyacrylamide gel (SDS-PAG) and stained with Myc and lamin A/C antibodies. (D) Vegf mRNA
levels in K562 shRNA (sh) control cells and PRH shRNA cells 48 h after transfection with pMUG1-MycPRH (5 �g), pCMV2-TLE1(2.5 �g), or
both plasmids were determined as for Fig. 1. Values are means and SD (n � 3). (E) As for panel D except that relative levels of expression of
Vegfr-1 are shown. Values are means and SD (n � 3).
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At the Vegf promoter three sets of primer pairs that amplify
sequences across the region from 2,673 to 214 bp upstream of
the first exon did not produce strong PCR products after ChIP
with the Myc antibody (Fig. 3C). However, in the same exper-
iment, primer pairs located from 4,712 to 4,267 bp (AP1) and
from 3,966 to 3,500 bp (AP2) upstream of the first exon both
produced a specific PCR product in the presence of the Myc
antibody (Fig. 3C). These data show that PRH is most strongly
associated with DNA in the far-distal promoter region of the
Vegf gene. EMSA experiments confirm that PRH is capable of

binding to promoter sequences between kbp �3.9 and �3.4
(data not shown).

PRH directly represses the Vegf, Vegfr-1, and Vegfr-2 pro-
moters. To determine whether the promoter regions identified
using ChIP are responsible for the regulation of each gene by
PRH, promoter sequences were cloned upstream of the lucif-
erase reporter gene in pGL2 (Fig. 4A). These reporter con-
structs were transiently cotransfected into K562 cells either
alone or together with a PRH expression vector. For the
Vegfr-1 gene, reporter constructs R1 1.2 (bp �1213 to �154

FIG. 3. PRH binds to the Vegf, Vegfr-1, and Vegfr-2 promoters in cells. (A) Schematic of the human Vegfr-1 promoter (top line), with the
positions of potential PRH binding sites indicated as bars. C1 to C5 indicate clusters of potential sites. The arrow corresponds to the first exon.
Each inset panel shows the results of PCRs using the following templates: (1) input DNA, (2) DNA precipitated from cells expressing Myc-PRH
with beads plus Myc antibody, (3) DNA precipitated from cells expressing Myc-PRH with beads plus normal IgG. The amplicons are indicated
by solid bars. In the same experiment, primers within the actin promoter did not produce a product (left inset). (B) As for panel A except that
the schematic and ChIP results are for the Vegfr-2 promoter. (C) As for panel A except that the schematic and ChIP results are for the Vegf
promoter.
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FIG. 4. PRH directly represses the Vegf, Vegfr-1, and Vegfr-2 promoters. (A, left) Schematic representations of the Vegfr-1, Vegfr-2, and Vegf
promoters indicating the position of the first exon for each gene (white arrows) and the promoter derivatives (black arrows) used in this study.
(Middle) Relative promoter activity found in K562 cell extracts following transfection with Vegfr-1, Vegfr-2, or Vegf reporters. Five micrograms of
each reporter and 5 �g of the 	-galactosidase plasmid (pSV-lacZ) were cotransfected into cells. Relative promoter activity was determined 24 h
posttransfection as the luciferase activity normalized for transfection efficiency using the 	-galactosidase activity. Values are means and SD (n �
3). (Right) Percent repression by PRH for each reporter construct. Cells were transfected and reporter assays were carried out as described above
except that cells were cotransfected with 1 �g pMUG1-Myc-PRH. Percent repression is promoter activity in the presence of PRH as a percentage
of reporter activity in the absence of PRH. (B) K562 cells were transfected with PRH shRNA (sh) or control shRNA and grown in selection for
10 days. The cells were then retransfected with 5 �g of pSV-lacZ and 5 �g of the minimal TK reporter (TKmin; bars 1 and 3) or the minimal TK
reporter containing PRH binding sites (TKPRH; bars 2 and 4). Twenty-four hours posttransfection, relative promoter activity was determined as
described in the text. Values are means and SD (n � 3). (C) Cells were transfected and assayed for reporter activity as for panel A. The graph
shows the activity of the R1 1.2, R2 1.3, and R2 0.4 reporters cotransfected into cells with 1 �g pMUG1-PRH, 1 �g pMUG1-PRH N187A, or 3
�g pCS2-Hex-VP16. (D) Cells were transfected and assayed for reporter activity as for panel A. The graph shows the activity of the A 2.9 and A
4.0 Vegf reporters with 3 �g or 6 �g pCS2-Hex-VP16.
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relative to the start of exon 1), R1 0.7 (�694 to �154), and R1
0.2 (�200 to �154) were transiently transfected into K562
cells. Figure 4A (top middle) shows that these reporters have
very different basal activities; the R1 1.2 construct has low
basal promoter activity relative to the R1 0.7 and R1 0.2 pro-
moter derivatives. This suggests that endogenous PRH re-
presses the R1 1.2 construct. Over a range of R1 1.2 reporter
plasmid amounts, reporter activity increases in a linear fashion
as increasing amounts of reporter plasmid are transfected into
the cells (data not shown). Therefore, the plasmid DNA does
not titrate out endogenous PRH under these conditions, and
the R1 0.2 and R1 0.7 reporters are not more active than R1
1.2 because they have titrated away PRH. In keeping with this
view, the same reporters show no significant difference in basal
activity in HeLa cells that do not express PRH (data not
shown). The difference in basal activity is similar to that ob-
served in K562 cells for the minimal thymidine kinase (TK)
promoter compared to the minimal TK promoter containing
multiple upstream PRH binding sites (Fig. 4B, bars 1 and 2).
However, in PRH KD cells the minimal TK promoter and the
minimal TK promoter containing PRH binding sites have the
same basal activity (Fig. 4B, bars 3 and 4). We conclude that
repressive PRH-dependent elements are located between kbp
�1.2 and �0.7 and that endogenous PRH binds to these sites
to repress promoter activity. This is in agreement with the
ChIP data which show that PRH binds to sequences within this
region (Fig. 3A).

We next examined the effects of PRH overexpression on the
activity of these promoter constructs. Overexpression of PRH
represses the activity of all three reporter constructs (Fig. 4A,
top right). Since the R1 0.7 and R1 0.2 reporters are repressed
to very similar degrees, this suggests that PRH-responsive
elements are also present within the minimal R1 0.2 promoter
region (the R1 0.2 promoter overlaps sequences that bind
PRH in ChIP).

To confirm that the PRH-responsive elements in the R1 1.2
promoter require DNA binding by PRH for the observed re-
pression, we examined the effects of overexpressing wild-type
PRH and the PRH protein defective in binding to DNA (PRH
N187A). We also made use of a PRH-VP16 fusion protein,
which is able to strongly activate transcription when bound to
PRH sites. As expected, PRH brings about repression of the
R1 1.2 reporter (Fig. 4C, bar 2). In contrast, PRH N187A is not
able to significantly repress the activity of this reporter (bar 3),
whereas PRH-VP16 is able to strongly activate this reporter
activity (bar 4). These data confirm that the R1 1.2 reporter is
responsive to PRH and show that the DNA binding activity of
PRH is required for repression.

To examine the regulation of the Vegfr-2 promoter by PRH
reporter constructs, R2 1.3 (�1326 to �49) and R2 0.4 (�415
to �49) were transfected into K562 cells (Fig. 4C, middle). In
contrast to the Vegfr-1 reporters, the Vegfr-2 reporter con-
structs have very similar basal activities (Fig. 4A, middle cen-
ter). Cotransfection of these reporters with a PRH expression
vector has a repressive effect on the activity of the R2 0.4 and
R2 1.3 reporters (Fig. 4A, middle right). Figure 4C confirms
that PRH represses the activity of both reporters and shows
that PRH N187A has little effect. Furthermore, expression of
the PRH-VP16 fusion protein described above strongly acti-
vates the R2 1.3 and R2 0.4 reporters (Fig. 4C). These data

suggest that PRH binds to the Vegfr-2 promoter-proximal re-
gion in order to bring about the repression of transcription.

ChIP experiments suggest that PRH does not bind strongly
to the promoter-proximal region of the Vegf promoter, and for
this reason we made Vegf reporter constructs that extend up to
4 kbp upstream of the first exon. Equivalent molar amounts of
Vegf reporters A 1.2, A 2.3, and A 4.0 (Fig. 4A, bottom) were
transfected into K562 cells. These reporters have different
basal activities in these cells: the A 1.2 reporter has high basal
activity, while the A 2.3 reporter and the A 4.0 reporter have
lower basal promoter activities. In contrast, the basal activities
of these promoters are not significantly different in cells that do
not expresses PRH. This suggests that repressive elements are
located between kbp �1.2 and �2.3 and also between kbp
�2.3 and �4.0 in the Vegf promoter. However, only the more
distal promoter regions are strongly associated with PRH in
ChIP experiments. To determine whether PRH overexpression
has any effect on the activity of these reporters, they were
cotransfected into K562 cells with a PRH expression plasmid.
Figure 4A (bottom right) shows that PRH represses the activ-
ity of the A 4.0 reporter but has only a small repressive effect
on the activities of the A 1.2 and A 2.3 reporters. This suggests
that critical PRH-responsive elements are located between
approximately kbp �4.0 and �2.3 in this promoter, in agree-
ment with the ChIP data. In order to confirm this conclusion,
we looked at the effects of PRH-VP16 on the activities of the
A 4.0 and A 2.3 reporters. PRH-VP16 activates the A 4.0
reporter in a dose-dependent fashion, whereas this fusion pro-
tein has no effect on the activity of the A 2.3 reporter (Fig. 4D,
bottom right). PRH N187A does not significantly repress the
activity of either reporter, indicating that direct binding of
PRH is required for repression (data not shown). Together,
these reporter data support the idea that PRH binding sites
located between kbp �4.0 and �2.3 are important for repres-
sion by PRH. It is noteworthy that these binding sites respond
to PRH even in the absence of the upstream consensus se-
quence CAATTAA, located at kbp �4.77.

PRH influences cell survival. Since we have shown that PRH
coordinately regulates at least three genes in the VEGF sig-
naling pathway, we next set out to determine whether PRH
expression influences cell proliferation and/or cell survival via
this pathway. We cotransfected K562 cells with a plasmid ex-
pressing GFP or a GFP-PRH fusion protein and determined
the percentages of green GFP� cells and GFP-PRH� cells
over a 72-h time course using flow cytometry. Figure 5A shows
that the percentage of GFP-PRH� cells declines to around
50% whereas the percentage of GFP� cells is roughly main-
tained over the same time period. Cell death in the transfected
(GFP�) population was measured by flow cytometric analysis
of green fluorescent cells costained with fluorescent antibodies
to annexin V (AV). Figure 5B shows a representative analysis
of the amount of AV staining of the GFP� and GFP-PRH�

cell populations. Around 20% of GFP� cells are AV positive,
whereas around 40% of GFP-PRH� cells are AV positive. To
confirm these results, we repeated the experiment and
costained cells with the fluorescent DNA binding propidium
iodide (PI) stain and fluorescent antibodies to AV. PI staining
provides a measure of the percentage of dying cells, and cells
that are PI positive and AV positive can be considered to be in
late apoptosis. In the control GFP� population, around 15% of
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the cells are AV� whereas only 2% are both PI� and AV�

(Fig. 5C). In contrast, in the GFP-PRH� population around
18% of cells are AV� while around 18% are both PI� and
AV�. Thus, there is a small increase in the early apoptotic cell
population and a dramatic increase in the late apoptotic cell
population on expression of GFP-PRH. This suggests that
PRH induces apoptosis in these cells.

To confirm and extend these results, we examined the
growth and survival of the PRH KD cells described above.
Control cells and PRH KD cells were maintained at a constant
density over a 2-week period and counted daily using a trypan
blue exclusion assay to identify viable cells. Cumulative growth
curves for each population show that PRH knockdown results
in increased cell numbers (Fig. 6A) and that PRH KD cells
have a significantly shorter doubling time (Fig. 6B). To exam-
ine the amount of apoptosis in the PRH KD cells, the cells
were costained with PI and AV antibodies. On average PRH
KD results in around 6% apoptotic cells whereas in the control
population there are around 10% apoptotic cells, and this
small decrease in cell death appears to be statistically signifi-
cant (P 
 0.004) (Fig. 6C). To examine cell proliferation in the
PRH KD cell population, we used PI staining and flow cytom-
etry. There is little difference in the percentages of cells in the
G1 and S phases of the cell cycle in the PRH KD cells com-

pared to the control cells (Fig. 6D). However in the PRH KD
cells on average there is a small increase in the number of cells
in G2 (28% compared to 24%) and a decrease in the number
of cells in the sub-G0 (dead) population (4%) compared to the
control (9%). Over time these differences may account for the
increased growth of these cells. Taken together, these data
suggest that the removal of PRH promotes cell growth via a
decrease in cell death.

DNA binding and recruitment of TLE are required for in-
creased cell death. To determine whether the effects of PRH
on the survival of these cells require DNA binding and/or
binding to TLE or eIF4E, we coexpressed PRH and the mu-
tated PRH proteins with GFP and determined the percentage
of green GFP� cells with time. Coexpression of PRH with GFP
causes a significant decrease in the number of GFP� cells over
72 h (Fig. 6E). In contrast PRH N187A and PRH F32E have
little effect on the number of GFP� cells. PRH L23A,L24A is
able to decrease the number of GFP� cells with time, although
it is not as effective as wild-type PRH (Fig. 6E, bar 4). We also
measured the amount of cell death in the GFP� transfected
cell populations. Myc-PRH brings about an increase in cell
death, from approximately 10% to 20% of the transfected cells
(Fig. 6F, bars 1 and 2). Although, expression of the N187A and
F32E mutants has little effect, expression of the L23A L24A

FIG. 5. PRH overexpression induces apoptosis in K562 cells. (A) Cells transfected with pEGFP alone or pEGFP and pMUG1-Myc-PRH. The
percentage of GFP-expressing cells 24 h posttransfection was set as 100%, and the change from this was tracked over 72 h. Values are means and
SD (n � 3). (B) Cells from panel A were analyzed by flow cytometry. The percentage of GFP-positive/annexin V (AV)-positive cells was
determined 24 h posttransfection. One representative dot plot of 3 is shown. (C) Cells from panel A were dual stained with propidium iodide
(PI)/AV (APC antibody) and analyzed by flow cytometry. The dot plot shows the percentages of live cells (PI� AV�), necrotic cells (PI�), early
apoptotic cells (AV�), and late apoptotic cells (AV� PI�) after gating for GFP� cells. One representative dot plot of 3 is shown.
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mutant brings about an increase in cell death (Fig. 6F, bar 4).
We conclude that the mutant PRH proteins that do not bind
TLE or DNA and that are defective for transcriptional repres-
sion do not induce cell death. This suggests that the cell death
caused by PRH in these experiments requires the ability of
PRH to bind DNA and corepress transcription with TLE.
Since the PRH L23A,L24A protein shows a somewhat de-
creased ability to induce cell death, we infer that the interac-

tion of PRH with eIF4E may also contribute to the effects of
PRH on the survival of these cells.

The effects of PRH on cell survival are mediated by the VSP.
To investigate whether the effect of PRH on cell survival is
mediated by VEGF and the VEGF receptors, equal numbers
of control cells and PRH KD cells were resuspended in growth
media either with no other additions or with a VEGF blocking
antibody (VG76e) (18). Cells were grown for 48 h, and the

FIG. 6. PRH KD increases cell proliferation. (A) Cumulative growth curves for K562 cells transfected with SVC shRNA (sh) or PRH shRNA
(1�2). Cells were selected with puromycin 24 h posttransfection. After 7 days, 3 � 106 cells of each cell type were plated out and counted over
11 days. (B) Graph of the doubling time for K562 cells transfected with SVC shRNA or PRH shRNA (1�2) (gray bar). Values are means and
SD (n � 3). (C) Cells from panel A were dual stained with PI/AV (APC antibody) and analyzed by flow cytometry. The dot plots show percentages
of live cells (AV�) and percentages of apoptotic cells (AV�). (D) Percent distribution of cells in each stage of the cell cycle. PI staining of K562
cells transfected with SVC shRNA or PRH shRNA (1�2) is shown (n � 3). (E) Percentages of GFP� cells in cotransfection experiments. K562
cells were transfected with pEGFP and either pMUG1 (bar 1) or pMUG1 vectors expressing PRH (bar 2; WT, wild type), PRH F32E (bar 3), PRH
L23A,L24A (bar 4), or PRH N187A (bar 5), and the percentage of GFP� cells was measured 72 h posttransfection. Values are means and
SD (n � 3). (F) K562 cells were transfected as for panel E and dual stained with PI/AV antibody 24 h posttransfection for analysis by flow
cytometry (n � 3).
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effects of the blocking antibody on cell growth were assessed
using MTT assays. PRH KD cells show enhanced cell growth
after 48 h compared to control cells (Fig. 7A, compare bars 1
and 3). The VEGF blocking antibody inhibits the growth of the
control cells, indicating that these cells are dependent upon
VEGF (Fig. 7A, bar 2). The VEGF blocking antibody abol-
ishes the increased growth seen in the PRH KD cells (Fig. 7A,
bar 4). We conclude that the higher expression of VEGF
receptors in the PRH KD cells allows the concomitantly ele-
vated VEGF to bring about robust paracrine signaling that in
turn stimulates cell proliferation. It is important to note that
autocrine regulation by VEGF would not be influenced by the
external VEGF blocking antibody. In keeping with this view,
enhanced growth is observed when PRH KD cells are incu-
bated with exogenous VEGF (Fig. 7B, bar 4). In contrast, the
addition of VEGF has no effect on growth of the control cells
(Fig. 7B, bar 2). We conclude that additional VEGF has a
stimulatory effect on cell growth in PRH KD cells because
there are higher levels of VEGF receptor proteins in these
cells than in control cells.

SU11248 (sunitinib) selectively inhibits the activity of a sub-
group of tyrosine kinase receptors which includes the VEGF

family of receptors (44). As expected, PRH KD cells show
enhanced growth compared to control cells (Fig. 7C, compare
bars 4 and 1). The addition of SU11248 has no significant
inhibitory effect on growth of control cells (Fig. 7C, compare
bars 1 and 2). In contrast, SU11248 abolishes the enhanced
growth of the PRH KD cells (Fig. 7C, bar 5). We conclude that
the KD cells are more sensitive to the effects of SU11248 than
the control cells.

The addition of the VEGFR-2 receptor kinase inhibitor
SU1498 (65) inhibits the growth of the control cells (20 to 30%
reduction in cell number) (Fig. 7C, bars 1 and 3). SU1498 is
known to block extracellular signal-regulated kinase (ERK)
signaling, which might contribute to its inhibitory effect on
control cells (4). However, the addition of SU1498 to PRH KD
cells abolishes the growth-stimulatory effect of PRH KD and
reduces the number of KD cells to around the same level seen
after treatment of the control cells (Fig. 7C, compare bars 4
and 6). The simplest explanation for this difference in sensi-
tivity is that the PRH KD cells express higher levels of the
VEGFR-2 receptor and that as a consequence the VEGF
signaling pathway is more active in these cells and more
strongly inhibited by SU1498.

FIG. 7. PRH KD cells are sensitive to VEGF inhibition. (A) K562 cells were transfected with SVC shRNA (sh) or PRH shRNA and then
incubated with 50 �g/ml anti-VEGF antibody (bars 2 and 4) or an equal volume of DMSO (bars 1 and 3) for 72 h. An MTT assay was then used
to calculate cell numbers. Values are means and SD (n � 5). (B) As for panel A except that cells were incubated with 50 ng/ml VEGF. Values
are means and SD (n � 5). (C) As for panel A except that cells were incubated with DMSO (bars 1 and 4), 2 �M SU11248 (bars 2 and 5), or 2
�M SU1498 (bars 3 and 6). Values are means and SD (n � 3). (D) K562 cells transfected with SVC shRNA (black bars) or PRH shRNA (gray
bars) or not shRNA transfected (white bars) were then transfected with a vector expressing PRH (3 �g) (bars 5 and 6) and/or vectors expressing
VEGF, VEGFR-1, and VEGFR-2 (bars 2, 4, and 6) (total, 3 �g). Twenty-four hours posttransfection the cells were dual stained with PI/AV
antibody for analysis by flow cytometry. The graph shows the means and SD (n � 3).
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The results of the inhibitor experiments described above,
combined with the data obtained with the VEGF antibody and
via addition of VEGF, strongly suggest that the effects of PRH
on cell survival are a result of the repression of VSP genes. If
this is the case, overexpression of VSP proteins using a PRH-
independent promoter should overcome the effects of overex-
pressing PRH. In order to test this hypothesis, we cotrans-
fected control cells and PRH KD cells with vectors expressing
VEGF, VEGFR-1, and VEGFR-2 under the control of the
cytomegalovirus (CMV) promoter and determined the number
of apoptotic cells 24 h posttransfection (Fig. 7D). Overexpres-
sion of VEGF, VEGFR-1, and VEGFR-2 brings about a small
but significant decrease in apoptosis in the control cells (Fig.
7D, bars 1 and 2). However, overexpression of VEGF,
VEGFR-1, and VEGFR-2 in PRH KD cells has no effect on
the level of apoptosis (Fig. 7D, bars 3 and 4). This suggests that
endogenous PRH represses the endogenous VSP genes, result-
ing in increased cell death, and that the overexpressed VSP
proteins overcome the effects of this repression. In cells over-
expressing PRH there is increased apoptosis, and this is abro-
gated by overexpression of the VSP proteins (Fig. 7D, bars 5
and 6). These data confirm that the effects of PRH on cell

death are mediated in large part at least by regulation of
the VSP.

PRH influences the survival of breast cancer cells. To de-
termine whether regulation of the VSP by PRH plays a more
generic role in the control of tumor cell proliferation, we next
looked at the effects of PRH KD and overexpression on the
growth and survival of breast cancer cells. MCF-7 breast can-
cer cells express PRH, but the subcellular localization is aber-
rant, with strong staining of the nucleolus (55). Using the PRH
shRNA constructs described above, we knocked down PRH in
these cells (Fig. 8A). PRH KD results in an increase in the
cumulative growth rate of these cells, suggesting that some
endogenous PRH is active despite the aberrant localization.
This difference in growth rate can be clearly seen in MTT
assays in which equal numbers of cells are plated out 5 days
after selection and their growth is monitored over a further
48 h (Fig. 8B). qRT-PCR shows that Vegf, Vegfr-1, and Vegfr-2
are significantly upregulated in PRH KD cells (Fig. 8C). More-
over, overexpression of PRH in MCF-7 cells represses the
expression of each of these genes (Fig. 8D). We infer that PRH
represses the expression of all three of these genes in MCF-7

FIG. 8. PRH represses VSP genes in MCF-7 cells. (A) Western analysis of whole-cell extracts from untransfected MCF-7 cells or cells cotransfected
with SVC shRNA or PRH shRNA (1�2). Extracts were stained with rabbit PRH antisera (top) and tubulin antibody (bottom). (B) Growth curves for
MCF-7 cells transfected with SVC shRNA (sh) or PRH shRNA (1�2). Cells were selected with puromycin 24 h posttransfection, and after 5 days in
selection, MTT assays were performed over 3 days. Results shown are representative of the results from 6 independent experiments. (C) Vegf, Vegfr-1,
and Vegfr-2 mRNA levels in MCF-7 cells after shRNA cotransfection (as above). Levels of mRNA were determined by qRT-PCR using specific primers
and compared to that for GAPDH. Black bars represent the SVC shRNA-targeted cells and gray bars the PRH shRNA (1�2)-targeted cells. Values are
means and SD (n � 5). (D) Vegfr-1, Vegfr-2, and Vegf mRNA levels in MCF-7 cells 48 h after transfection with pMUG1 (empty vector) or pMUG1-
Myc-PRH. mRNA levels were determined as above. Values are means and SD (n � 3).
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cells and that PRH KD results in their derepression and in
increased cell growth.

DISCUSSION

In this study we have shown through manipulation of PRH
expression that there is an inverse relationship between the
levels of PRH protein and the expression of the Vegf, Vegfr-1,
and Vegfr-2 mRNAs. We have also shown that PRH requires
the ability to bind to DNA and its corepressor TLE to bring
about robust repression of the Vegf and Vegfr-1 genes, suggest-
ing that the repression of these genes occurs predominantly
through a transcriptional mechanism. ChIP experiments reveal
that PRH is associated with the Vegf, Vegfr-1, and Vegfr-2
promoters, supporting the idea that PRH is a direct transcrip-
tional repressor of these genes. Although the Vegfr-1, Vegfr-2,
and Vegf promoters are all regulated by PRH, they differ con-
siderably in architecture. The Vegfr-1 promoter contains a
TATA box, a potential PRH site within the first exon of the
gene, and a cluster of potential PRH sites located around 1 kb
upstream of the first exon. The precise mapping of PRH bind-
ing sites is not possible using semiquantitative ChIP. However,
the combination of reporter assays and ChIP data together
suggests that PRH binds to distal sequences at around kbp �1
as well as to more-proximal DNA sequences. This arrange-
ment of PRH sites, namely, a distal cluster and one or more
promoter-proximal sites, is similar to that observed at another
PRH target gene, Goosecoid (76). The Vegfr-2 promoter lacks
a TATA box but contains initiator elements and downstream
GATA elements. PRH has previously been shown to block the
DNA binding activity of GATA-2 and thereby function as an
indirect repressor of the Vegfr-2 gene (46). However, in our
reporter constructs, the downstream GATA element is not
present, suggesting that repression of Vegfr-2 by PRH also
involves direct transcriptional regulation. The combination of
ChIP and reporter assays suggests that PRH represses the
Vegfr-2 promoter by binding to sequences present in the prox-
imal promoter. In marked contrast to both of these promoters,
truncated versions of the Vegf promoter are not regulated by
PRH until sequences located approximately 2 to 4 kbp up-
stream of the proximal promoter are present. This far-distal
promoter region contains several potential nonconsensus PRH
sites that bind PRH in ChIP. Although these sites are not as
closely clustered as the sites in the Goosecoid, Vegfr-1, and
Vegfr-2 promoters, they nevertheless allow repression by PRH.
Further work will be required to determine to what extent the
preference of the oligomeric PRH protein for clustered PRH
sites determines promoter selection and regulation. It is pos-
sible that PRH also utilizes different as yet unidentified binding
partners in these different promoters.

In this study we demonstrate that overexpression of PRH in
K562 cells brings about increased apoptosis and, conversely,
that knockdown of PRH results in increased cell survival and
decreased apoptosis. A central question then is whether PRH
causes these effects on cell survival and apoptosis through the
repression of the VEGF signaling pathway or through an un-
related mechanism. VEGF blocking antibodies and VEGF
kinase inhibitors show that PRH KD cells are more sensitive to
depletion of VEGF or inhibition of VEGF receptor activity
than control cells. Furthermore, overexpression of VEGF and

its receptors from PRH-independent promoters counteracts
the effects of PRH overexpression. The simplest explanation
for these results is that PRH KD cells are dependent on the
VEGF signaling pathway for their increased survival. This con-
clusion is supported by the fact that the PRH KD cells show
enhanced growth upon the addition of exogenous VEGF,
whereas control cells do not respond to exogenous VEGF. The
inability of mutated PRH proteins that are defective in tran-
scriptional repression to bring about apoptosis provides further
support for the idea that there is a direct antagonism between
the prosurvival functions of the VEGF signaling pathway and
the expression of PRH. In summary, our results show that a
normal function of PRH is to limit cell proliferation and that
an important mechanism that PRH uses to influence cell pro-
liferation occurs via coordinate repression of genes in the
VEGF signaling pathway. The coordinate transcriptional reg-
ulation of the growth factor and the receptor proteins may be
particularly apposite but not limited to autocrine signaling. It is
clear that repression of the VEGF signaling pathway is not the
only mechanism that PRH uses to bring about decreased cell
proliferation. The interaction of PRH with eIF4E is known to
lead to decreased transport of mRNAs that have specific sec-
ondary structures (71), and, as the Vegf mRNA is regulated
posttranscriptionally (1, 8), it remains possible that PRH might
regulate Vegf expression posttranscriptionally as well as tran-
scriptionally.

K562 cells represent a useful model for understanding the
role of PRH in the leukemic stem cell, as these cells derive
from a patient with chronic myeloid leukemia in blast crisis
(CML-BC) (10, 36). BCR-ABL signaling is known to result
in the constitutive expression of VEGF in CML cells (43).
VEGFR-2 appears to be required for the proliferation and
migration of leukemic cells (13, 57). Significantly, although
both VEGFR-1 and VEGFR-2 are expressed at high levels in
bone marrow from patients with CML, it is VEGFR-2 expres-
sion that correlates with decreased patient survival (73). Our
results suggest that PRH levels play a central role in influenc-
ing the survival and growth of K562 leukemic cells. Although
K562 cells do not normally express VEGFR-2, knockdown of
PRH results in increased VEGFR-2 expression. Inhibition of
the VEGFR-2 receptor in the KD cells decreases the survival
advantage of the KD cells compared to control K562 cells,
suggesting that VEGFR-2 expression contributes to enhanced
cell survival. PRH expression and subcellular localization are
aberrant in both primary CML cells in blast crisis and also in
the M4/M5 subset of acute myeloid leukemia (AML) cells (72)
although it is not known whether these cells also have elevated
VEGF signaling. It is likely that loss of PRH repression activity
may be a feature of many leukemias that exhibit elevated
VEGF and VEGF receptor expression.

The results of PRH KD and overexpression in MCF-7 breast
cancer cells suggest that PRH is a critical regulator of cell
growth outside the hematopoietic compartment and that it
may play a role in the regulation of cell survival in many
cellular contexts that were not identified in studies of embry-
onic development. PRH subcellular localization is aberrant in
some breast tumors, including MCF-7 cells, and in thyroid
tumors (11, 55). In addition, the product of the PRH-repressed
gene Goosecoid promotes tumor cell malignancy and is
strongly upregulated in breast tumors (30). Deregulation of
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PRH activity and the consequent deregulation of VSP and
Goosecoid expression may be involved in the development of a
variety of tumors. It is tempting to speculate that deregulated
PRH activity in vascular stem cells or in hematopoietic migra-
tory cells could contribute to tumor angiogenesis and tumor
metastasis via upregulation of the VSP. Further studies will be
required to determine the roles that PRH plays in these pro-
cesses.
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