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Abstract

Angiogenesis is essential for the sustained growth of solid tumors. Hypoxia-inducible factor 1 

(HIF-1) is a master regulator of angiogenesis and constitutive activation of HIF-1 is frequently 

observed in human cancers. Therefore, understanding the mechanisms governing the activation 

of HIF-1 is critical for successful therapeutic targeting of tumor angiogenesis. Herein, we 

establish a new regulatory mechanism responsible for the constitutive activation of HIF-1α in 

cancer, irrespective of oxygen tension. PIM1 kinase directly phosphorylates HIF-1α at threonine 

455, a previously uncharacterized site within its oxygen-dependent degradation domain. This 

phosphorylation event disrupts the ability of prolyl hydroxylases to bind and hydroxylate HIF-1α, 

interrupting its canonical degradation pathway and promoting constitutive transcription of HIF-1 

target genes. Moreover, phosphorylation of the analogous site in HIF-2α (S435) stabilizes 

the protein through the same mechanism, indicating post-translational modification within the 

oxygen-dependent degradation domain as a mechanism of regulating the HIF-α subunits. In 
vitro and in vivo models demonstrate that expression of PIM1 is sufficient to stabilize HIF-1α 
and HIF-2α in normoxia and stimulate angiogenesis in a HIF-1-dependent manner. CRISPR 

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use: https://www.springernature.com/gp/open-research/policies/accepted-manuscript-terms
*Correspondence: Noel A. Warfel, 1515 N. Campbell Avenue, Levy Cancer Center, Rm 0977C, Tucson, AZ 85724, Tel: 
520-626-7756, Fax: 520-626-4230, warfelna@arizona.edu.
Role in the study:
Study concept and design: NAW, ALC
Acquisition of data: ALC, SSC, RKT, CCJ, AGS, ANC, PRL, CKM, AEC, NAW
Analysis and presentation of data: NAW, ALC, PRL
Material support: CKM, AEC
Study supervision: NAW
Funding: NAW

Conflict of Interest: The authors declare no competing interests.

HHS Public Access
Author manuscript
Oncogene. Author manuscript; available in PMC 2022 January 02.

Published in final edited form as:
Oncogene. 2021 August ; 40(32): 5142–5152. doi:10.1038/s41388-021-01915-1.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.springernature.com/gp/open-research/policies/accepted-manuscript-terms


mutants of HIF-1α (Thr455D) promoted increased tumor growth, proliferation and angiogenesis. 

Moreover, HIF-1α-T455D xenograft tumors were refractory to the anti-angiogenic and cytotoxic 

effects of PIM inhibitors. These data identify a new signaling axis responsible for hypoxia­

independent activation of HIF-1 and expand our understanding of the tumorigenic role of PIM1 in 

solid tumors.
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Introduction:

Angiogenesis, or the branching of blood vessels, is a rate-limiting step in the development of 

solid tumors [1]. Hypoxia-inducible factor 1 (HIF-1) is a basic helix-loop-helix-PAS domain 

transcription factor that is a critical mediator of the cellular response to oxygen deprivation 

and a key driver of tumor angiogenesis [2]. HIF-1 is a heterodimer that consists of HIF-1β, 

a constitutively expressed subunit, HIF-1α and HIF-2α, subunits whose expression is tightly 

regulated in an oxygen-dependent manner. In the presence of oxygen, cytoplasmic HIF-α 
subunits are rapidly hydroxylated on prolines 402 (Pro402) and 564 (Pro564), located within 

its oxygen-dependent degradation domain (ODDD), by prolyl hydroxylase-domain proteins 

(PHDs) 1–3 [3, 4]. Hydroxylation causes the von Hippel-Lindau (VHL) tumor suppressor 

protein to recognize HIF-α and recruit a ubiquitin-protein ligase complex that leads to the 

ubiquitination and rapid degradation of HIF-α by the 26S proteasome [5]. In low oxygen, 

PHDs become less active and hydroxylation of HIF-α is reduced, allowing it to accumulate 

in the cell and translocate to the nucleus, where it binds to hypoxia-response elements 

(HREs) to promote the transcription of target genes [6]. Both HIF-1α and HIF-2α subunits 

are widely expressed in human cancers, and HIF-1α and HIF-2α have been shown to 

promote tumor progression. It was proposed that the tumorigenic effects of HIF-1α and 

HIF-2α were largely through overlapping functions, more recent studies indicate that these 

subunits have differential effects that can promote distinct outcomes through independent 

regulation of distinct target genes, as well as through direct and indirect interactions with 

complexes containing important oncoproteins and tumor suppressors [7].

Constitutive expression of HIF-1α and HIF-2α is common in human cancers, regardless 

of oxygen tension. Stabilization of HIF-α subunits in normoxia has been attributed to 

genetic alterations, such as loss of VHL, as well as transcriptional upregulation due to 

the activation of oncogenic signaling pathways [8–10]. Post-translational modification also 

plays a critical role in controlling HIF-1α expression and function. Phosphorylation of 

HIF-1α and HIF-2α by various kinases has been described to positively and negatively 

impact protein stability [11–16]. Regardless of the mechanism, stabilization of HIF-1α 
HIF-2α in normoxia upregulates genes that initiate and sustain angiogenesis during tumor 

growth [17]. Hence, the identification of novel, oxygen-independent mechanisms that 

regulate HIF-1α expression is valuable in the effort to understand tumor progression and 

effectively target angiogenesis as a therapeutic strategy.
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The Proviral integration site for Moloney murine leukemia virus (PIM) kinases are a family 

of serine-threonine kinases that are known to promote tumorigenesis by impacting cell cycle 

progression, survival, and proliferation [18, 19]. PIM kinases are elevated in a host of other 

solid tumors, including colon, breast, and lung cancer, and their overexpression is associated 

with higher staging, increased metastasis, and diminished overall survival [20–27]. As a 

result, several small-molecule PIM kinase inhibitors are actively being tested as anti-cancer 

agents in clinical trials. We recently reported that PIM inhibitors display synergistic anti­

tumor effects in combination with anti-angiogenic agents in prostate and colon cancers that 

were characterized by a dramatic loss of vasculature [19, 28]. Here, we establish PIM1 as an 

important factor responsible for driving tumor angiogenesis. Mechanistically, we show that 

PIM1 promotes angiogenesis through a novel signaling axis directly linking PIM1 to HIF-1 

via a previously uncharacterized direct phosphorylation event that disrupts the canonical 

HIF-1α and HIF-2α degradation pathway. Our results suggest that the ability of PIM1 to 

induce angiogenesis and tumor growth is dependent on the stabilization of HIF-1 and that 

the anti-tumor effects of PIM inhibitors are largely due to their anti-angiogenic properties.

Results

PIM1 expression is correlated with angiogenesis in human cancers:

We recently discovered that overexpression of PIM1 kinase was sufficient to sustain 

vasculature during treatment with anti-vascular endothelial growth factor (VEGF) therapy 

[28]. Therefore, we sought to determine whether PIM1 expression was correlated with tumor 

angiogenesis. To this end, we performed immunohistochemistry (IHC) to quantify PIM1 

and CD31 (an endothelial cell marker) levels in three prostate cancer tissue microarrays 

(TMAs) (#2 n = 36, #5 n = 44, and #13 n = 29). These TMAs were obtained from 

diagnostic cores of radical prostatectomies of patients prior to treatment at the University 

of Arizona, and samples ranged in disease severity (Gleason score 6–9). We observed a 

statistically significant correlation between PIM1 expression and microvessel density (Fig. 

1A and B), indicating that PIM1 expression is significantly correlated with vascularization 

in human tumor samples. Moreover, publicly available data from The Cancer Genome 

Atlas database showed a statistically significant correlation between PIM1 and PECAM1 
(an endotheilial cell marker) in human prostate, colon, and lung cancer tumors (Fig. S1A). 

We next sought to determine whether PIM1 is sufficient to promote angiogenesis in vivo 
using preclinical imaging modalities. To this end, 1 × 106 PC3 prostate cancer cells were 

stably transfected with PIM1 or a vector control (VEC) and implanted subcutaneously 

into the flanks of male NSG mice. Verifying previous results, PIM1-overexpressing tumors 

grew significantly faster than control tumors (Fig. 1C, [28]). To assess angiogenesis, a 

paramagnetic contrast agent (CA) was injected intravenously, and magnetic resonance 

imaging (MRI) was performed to visualize uptake of the CA in the tumor and reference 

tissue and generate a time-concentration curve. DCE-MRI data from size-matched PC3/VEC 

and PC3/PIM1 tumors were analyzed using the Linear Reference Region Model [29]. The 

resulting time-concentration curve revealed a dramatic increase in the uptake of the CA in 

PIM1-overexpressing tumors compared to control tumors, indicating that PIM1 expression 

significantly increases perfusion (Fig. 1D), and the average Rktrans was significantly greater 

in PIM1-overexpressing tumors than in control tumors (Fig. 1E). Together, these analyses 
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indicate that PIM1-overexpressing tumors have more blood flow and a greater number of 

mature vessels than control tumors. This correlation was confirmed with endpoint staining 

of CD31, which demonstrated that microvessel density was significantly higher in PIM1­

overexpressing tumors than in control tumors (Fig. S1B and C). Taken together, these data 

demonstrate that PIM1 expression is sufficient to enhance tumor angiogenesis.

PIM1 induces angiogenesis in a HIF-1-dependent manner:

To determine whether the pro-angiogenic effect of PIM1 is dependent on HIF-1, HIF-1/2α 
were knocked down using siRNA in PC3 cells stably expressing a doxycycline (Dox)­

inducible lentiviral vector encoding PIM1 (Dox-PIM1) [25], and in vitro angiogenesis 

assays were performed. Forty-eight hours after knockdown, Dox-PIM1 cells were treated 

with Dox, and cell lysates and conditioned media (CM) were collected after 24 h. Then, 

human umbilical vein endothelial cells (HUVECs) were suspended in CM from each 

experimental condition and plated on reduced growth factor basement membrane, and tube 

formation was assessed over time. Immunoblotting verified that PIM1 stabilized HIF-1/2α, 

and siRNA effectively reduced HIF-1/2α levels (Fig. 2A). CM from Dox-PIM1 cells 

substantially enhanced tube formation compared to CM from Dox-VEC cells (Fig. 2B). 

Strikingly, the pro-angiogenic effect of PIM1 expression was abolished in cells lacking 

HIF-1/2α. PIM1 overexpression significantly increased the average tube length and number 

of branch points, and HIF-1/2α knockdown restored tube formation to basal levels (Fig. 2C 

and D). Conditioned media from PIM1-overexpressing cells contained nearly 5 times more 

VEGF than CM from control cells, and knockdown of HIF-1/2α restored VEGF levels to 

basal levels (Fig. 2E). To show that the pro-angiogenic effect of PIM1 requires HIF-1α in 
vivo, 5 × 106 RKO cells were injected subcutaneously into the flanks of SCID mice (n=3/

group). PIM1-overexpressing tumors grew significantly faster than control tumors, whereas 

knockdown of HIF-1α abolished the growth advantage conferred by PIM1 overexpression 

(Fig. 2F). To monitor angiogenesis, mice from each group were injected with Angiosense 

750EX, a fluorescent probe that remains localized in the vasculature to allow for in vivo 
imaging of angiogenesis. To calculate the relative amount of functional vasculature in 

each cohort, Angiosense signal was normalized to differences in tumor volume to obtain a 

vascular index for each group. RKO tumors overexpressing PIM1 were significantly more 

vascular than control tumors, whereas no increase in angiogenesis was observed with PIM1 

overexpression in tumors lacking HIF-1α (Fig. 2G). CD31 staining of tumors from each 

group confirmed that the pro-angiogenic effect of PIM1 was lost in tumors with knockdown 

of HIF-1α (Fig. 2H and I). Similarly, the expression of HIF-1 target genes (VEGF and HK2) 

was increased by PIM1 expression in vivo, but not in HIF-1α-knockdown tumor tissue 

(Fig. S2F). The growth advantage associated with PIM1 overexpression was attributable to 

increased survival, not proliferation, as PIM1 significantly reduced cell death (CC3 staining) 

but did not change Ki67 staining (Fig. 2H). Interstingly, tumors lacking HIF-1α had 

significantly more cell death compared to control tumors, regardless of PIM1 overexpression 

(Fig. 2I). Taken together, these data indicate that PIM1 promotes angiogenesis in a HIF-1­

dependent manner and suggests that the pro-tumorigenic effect of PIM1 can largely be 

attributed to its ability to promote angiogenesis and prevent cell death.
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PIM1 promotes pro-angiogenic gene expression through HIF-1:

Because the pro-angiogenic effect of PIM1 is dependent on HIF-1, we hypothesized 

that elevated PIM1 expression is sufficient to activate HIF-1 in the absence of hypoxia. 

Immunoblotting was used to evaluate HIF-1/2α protein levels in control and PIM1­

overexpressing colon (RKO), prostate (PC3), and lung (A549) cell lines. Strikingly, PIM1 

expression was sufficient to increase HIF-1α and HIF-2α in all cell lines tested (Fig. 3A–

C). Importantly, treatment with chemically distinct pan-PIM kinase inhibitors (PIM447 and 

AZD1208) blocked the ability of PIM1 to increase HIF-1/2α protein levels (Fig. 3A and 

C). To ensure that the levels of HIF-1/2α observed after PIM1 induction were sufficient to 

activate HIF-dependent transcription, Dox-VEC or Dox-PIM1 cells were co-transfected with 

Renilla-luciferase and a previously described HIF-1 reporter that drives luciferase expression 

(HRE-Luc) [30], treated for 24 h with Dox to induce PIM1, and then treated with DMSO 

or AZD1208 for 4 h. PIM1 expression increased HIF-1 activity by approximately 2-fold in 

normoxia, and this effect was reversed by treatment with AZD1208 (Fig. 3D). To assess 

the effect of PIM1 on HIF-1 target genes, we used a semi-high-throughput qPCR assay to 

measure a panel of 84 hypoxia-inducible genes (Qiagen RT Profiler). PC3 Dox-PIM1 cells 

were cultured in normoxic conditions with or without 20 ng/mL Dox for 24 h to induce 

PIM1 and treated with or without AZD1208 for 8 h, at which point mRNA was collected 

for subsequent gene expression analysis. PIM1-overexpression altered the transcript levels 

of several classes of hypoxia-responsive genes (Fig. 3E). To identify genes whose induction 

was specific to PIM1, we focused on genes that were upregulated at least 3-fold by PIM1 

expression in normoxia and significantly reduced by treatment with AZD1208. Of the 

eleven genes that fit these criteria, seven are known to promote angiogenesis, and all are 

established targets of HIF-1 (Fig. 3F). We validated that PIM1 increased the expression 

of several well-known HIF-1 target genes (VEGF-A, ANGPTL4, and HK2) by qRT-PCR, 

and treatment with PIM447 restored the expression of each to basal levels (Fig. 3G). 

To compare the amplitudes of HIF-1-mediated gene expression induced by hypoxia and 

PIM1 overexpression, PC3-LN4 and HCT116 cell were transfected with vector or PIM1 

or cultured in 1.0% O2 for 8 h, and the expression of HIF-1 target genes was assessed 

by qPCR. In both cell lines, hypoxia increased HIF-1α protein levels to a greater extent 

than PIM1 overexpression, but the induction of HIF-1 target genes was similar, indicating 

that overexpression of PIM1 in normoxia is sufficient for full activation of HIF-1-mediated 

transcription (Fig. S3A and B). To confirm that PIM1 alters gene expression in a HIF-1­

dependent manner, we assessed HIF-1 target genes in the previously described RKO cell 

line with stable knockdown of HIF-1α. PIM1 overexpression significantly increased the 

transcript level of all three genes compared to that of control cells, whereas no increase 

was observed in RKO cells lacking HIF-1α (Fig. 3H). Thus, PIM1 expression is sufficient 

to stabilize HIF-1/2α in normoxic conditions and increase the transcription of HIF-1 target 

genes.

PIM1 phosphorylates HIF-1α at threonine 455:

Because PIM1 is a serine-threonine kinase, we hypothesized that PIM1 may directly 

phosphorylate HIF-1α to alter its protein stability. To test whether these proteins interact 

in cells, HA-PIM1 was overexpressed in 293T cells and treated for 6 h with MG132 

in normoxia or hypoxia to stabilize HIF-1α prior to harvest. Immunoprecipitated PIM1 
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pulled down endogenous HIF-1α in both normoxia and hypoxia, demonstrating that these 

proteins complex in cells (Fig. 4A). Next, in vitro kinase assays using recombinant PIM1 

and HIF-1α revealed that PIM1 was able to phosphorylate HIF-1α (Fig. 4B). To identify 

PIM-mediated phosphorylation sites, mass spectrometry analysis was performed to identify 

post-translational modifications on HIF-1α. PIM1 phosphorylated HIF-1α at two sites in 
vitro. One site, Ser643, has been previously described as an ERK target site that enhances 

the nuclear localization of HIF-1α but does not alter its protein stability [31]. The second 

site, Thr455, is a previously uncharacterized site located within the ODDD of HIF-1α 
between Pro402 and Pro564, which are hydroxylated by PHDs as a signal initiating the 

proteasomal degradation of HIF-1α (Fig. 4C). Thr455 is evolutionarily conserved among 

mammals, suggesting its importance as a regulatory site (Fig. 4D). Based on its localization 

within the ODDD, we chose to further investigate the effect of T455 phosphorylation 

on HIF-1α stability. To verify that this site is phosphorylated in cells, PIM1 and HA­

HIF-1α were co-transfected into 293T cells, HIF-1α was immunoprecipitated, and mass 

spectrometry was used to detect phosphorylation. HIF-1α was robustly phosphorylated at 

T455 in cells overexpressing PIM1 (Fig. S4A). Next, we generated a phospho-specific 

antibody against HIF-1α Thr455. To verify the specificity of this antibody, we used 

site-directed mutagenesis to create a T455A mutant of HIF-1α. Wild-type or T455A HA­

HIF-1α were immunoprecipitated from cells and incubated with recombinant PIM1 in 

the same conditions used for in vitro kinase assays. Wild-type HIF-1α displayed robust 

phosphorylation at Thr455 by PIM1, which was blocked by AZD1208, whereas the T455A 

mutant was not recognized by the phospho-antibody (Fig. 4E). Additionally, staining of 

tumor sections showed increased phosphorylation of HIF-1α (T455) in tumor tissue over 

expressing PIM1 compared to control, and no staining was observed in HIF-1α knockdown 

tumors (Fig. S4B and C). These results confirm that PIM1 directly phosphorylates HIF-1α 
at T455 and our antibody recognizes phosphorylation specific to this site. To ensure that 

Thr455 phosphorylation correlated with changes in endogenous PIM1 expression, C42-B 

and PC3-LN4 cell lines were transfected with PIM1 siRNA prior to exposure to hypoxia. 

As expected, hypoxia induced PIM1, total HIF-1α, and phosphorylation of T455. Notably, 

silencing of PIM1 significantly reduced the accumulation of total HIF-1α in hypoxia in 

C42-B (and to a lesser extent in PC3-LN4) and nearly abolished T455 phosphorylation in 

both cell lines in normoxia and hypoxia, demonstrating that physiological levels of PIM1 

correlate with T455 phosphorylation (Fig 4F). Taken together, these studies establish that 

PIM1 directly phosphorylates HIF-1α at Thr455.

PIM-mediated phosphorylation of HIF-1α at Thr455 increases its protein stability:

Next, we characterized the effect of T455 phosphorylation on HIF-1α protein levels. 

Parental and RKO cells stably expressing PIM1 were cultured in hypoxia (1% O2) for 

4 hours to stabilize HIF-1α and then returned to normoxia (20% O2), and lysates were 

collected over a 30-min time course. The half-life of HIF-1α was significantly longer 

in PIM1-overexpressing cells than in parental cells (30.1 ± 1.2 min vs. 9.8 ± 0.5 min) 

(Fig. 5A). To directly assess the effect of Thr455 phosphorylation on HIF-1α protein 

stability, we used site-directed mutagenesis to generate HIF-1α T455D (phosphomimetic) 

and T455A (phospho-null) constructs. Following transfection of WT, T455D, or T455A 

HIF-1α, HEK293T cells were treated with cycloheximide and lysates were collected over 

Casillas et al. Page 6

Oncogene. Author manuscript; available in PMC 2022 January 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



time to determine the rate of protein degradation. The half-life of the phospho-null mutant 

(T455A) was significantly shorter than that of WT HIF-1α (1.4 ± 0.2 h vs. 2.1 ± 0.2 h), 

whereas the half-life of the phospho-mimetic (T455D) was significantly longer, showing 

little degradation over the 4 h time course (Fig. 5B). Next, we tested whether PIM1 

decreased HIF-1α ubiquitination. HEK293T cells stably expressing PIM1 or a vector control 

were transfected with HA-HIF-1α and treated with DMSO or PIM447 for 30 min, followed 

by MG-132 treatment for 4 h to allow for the accumulation of ubiquitinated HIF-1α. 

HIF-1α was immunoprecipitated and ubiquitin was detected by immunoblotting. PIM1 

expression decreased the amount of ubiquitin bound to HIF-1α by approximately 3-fold, 

whereas PIM inhibition significantly increased the amount of ubiquitination (Fig. 5C). To 

assess the effect of Thr455 phosphorylation on ubiquitination, 293T cells expressing VEC or 

PIM1 were transfected with HA-HIF-1α WT, T455D, or T455A and ubiquitination assays 

were performed. Overexpression of PIM1 significantly decreased WT HIF-1α ubiquitination 

compared to VEC, whereas PIM1-overexpression did not alter the ubiquitination of T455D 

or T455A HA-HIF-1α (Fig. 5D).

To assess whether PIM alters HIF-1α hydroxylation at Pro564, SW620 and PC3 cells were 

treated for 4 h with MG132 to allow for the accumulation of HIF-1α and hydroxylation 

was measured by western blotting. Despite similar levels of total HIF-1α, hydroxylation 

of HIF-1α at Pro564 was significantly reduced by PIM1-overexpression (Fig. 5E). In a 

parallel assay, HIF-1α T455D showed no visible hydroxylation, whereas hydroxylation of 

the T455A mutant was significantly more than WT HIF-1α (Fig. 5F). Because Thr455 is 

located within the ODDD, we hypothesized that phosphorylation at this site may disrupt 

PHD binding to HIF-1α. To test this, HA-HIF-1α was transfected into 293T cells stably 

expressing PIM1 or vector control and ubiquitination assays were performed. Significantly 

less PHD2 was bound to HIF-1α in cells overexpressing PIM1 compared to VEC cells (Fig. 

5G). Similarly, co-immunoprecipitation assays using HA-HIF-1α WT, T455D, or T455A 

revealed significantly more PHD2 was bound to T455A and significantly less was bound 

to T455D compared to HIF-1α WT (Fig. 5H). These data indicate that PIM1-mediated 

phosphorylation of HIF-1α at Thr455 increases protein stability by blocking PHD binding, 

hydroxylation, and subsequent proteasomal degradation of HIF-1α. Because we observed 

that PIM1 expression also increased HIF-2α levels, we asked whether an analogous site 

exists in HIF-2α that could disrupt proteasomal degradation. Alignment of the amino acid 

sequences of HIF-1α and HIF-2α showed that Ser435 of HIF-2α aligns with Thr455 of 

HIF-1α (Fig 6A). To test whether this site alters HIF-2α protein degradation, we generated 

a S435D mutant and compared its stability to that of wild-type HIF-2α using cycloheximide 

chase. The half-life of the phospho-mimetic mutant (T435D) was significantly longer than 

that of WT HIF-1α (5.1 ± 0.4 h vs. 2.6 ± 0.2 h) (Fig. 6B). Next, we determined whether 

phosphorylation at this S435 site would block the ability of PIM inhibition to reduce 

HIF-2α levels. Wild-type and S435D mutants were transfected into 293T cells prior to 4 

h incubation in hypoxia to stabilize HIF-2α and treatment with vehicle or PIM447. PIM 

inhibition reduced WT HIF-2α levels, whereas levels of the S435D mutant were higher 

basally and refractory to PIM447 treatment, suggesting that this site is critical for PIM­

mediated regulation of HIF-2α levels (Fig. 6C). Next, we asked whether phosphorylation 

at S435 disrupts PHD2 binding and ubiquitination of HIF-2α. Co-immunoprecipitation 
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assays showed reduced PHD2 binding to the S435D mutant compared to wild-type HIF-2α 
(Fig. 6D), and there was significantly less ubiquitination of mutant HIF-2α than wild-type 

HIF-2α after 4 h treatment with MG-132 (Fig 6E).

The anti-tumor effects of PIM inhibitors depend on downregulation of HIF-1:

To confirm the significance of Thr455 phosphorylation in vivo and in vitro, we created 

two homozygous HIF-1α T455D mutant SW620 colon cancer cell lines using CRISPR 

site-directed mutagenesis. We validated these lines by Sanger sequencing (Fig. S5A). Both 

of these cell lines showed stable HIF-1α protein in normoxic conditions (Fig. 7A) and 

had significantly increased expression of HIF-1 target genes (Fig. S5B). To confirm that 

HIF-1α was refractory to PIM inhibition in the T455D mutant cell lines, cells were treated 

with PIM447 (1 μM) for 4 h. Immunoblotting revealed HIF-1α levels were significantly 

higher and refractory to PIM inhibition in the T455D mutant cell lines (Fig. 6A). To 

determine whether Thr455 phosphorylation also impacted angiogenesis, CM was harvested 

from parental and B24 and C34 SW620 cells treated with or without PIM447 for 24 h and 

used for in vitro tube formation assays. CM from both B24 and C34 cells significantly 

increased both the total tube length and number of branch points compared to parental 

SW620 CM. Treatment with PIM447 significantly reduced tube formation resulting from 

SW620 CM compared, whereas the mutant cell lines were refractory to the anti-angiogenic 

effect of PIM inhibitors (Fig. 7B and C). Next, we assessed the tumorigenicity of these 

cell lines and sensitivity to PIM inhibition in vivo. Five million parental SW620, C34, 

or B24 cells were injected into the flanks of 12 (n=4/group) NSG mice. Tumors were 

allowed to grow to an average size of 100 mm3, and then the mice were randomly 

segregated into vehicle or AZD1208 (30 mg/kg) treatment groups. Both B24 and C34 

tumors grew significantly faster than parental SW620 tumors (Fig. 7D and Fig. S6A). 

Strikingly, treatment with AZD1208 significantly reduced the volume of SW620 tumors 

but was unable to slow the growth of either the B24 or C34 mutant xenografts (Fig. 7D 

and Fig. S6A). Hematoxylin and eosin (H&E) staining revealed that AZD1208 disrupted 

tumor vasculature in the SW620 xenografts, resulting in necrotic tissue, whereas C34 and 

B24 tumors were highly vascular, regardless of PIM inhibition (Fig. 7E and Fig. S6A and 

B). Importantly, AZD1208 significantly decreased microvessel density (CD31 staining) in 

SW620 tumors, whereas no significant decrease in vasculature was observed in mutant 

tumors after treatment with AZD1208 (Fig. 7F). AZD1208 significantly increased apoptosis 

(cleaved caspase-3) in SW620 tumors, but not in HIF-1α T455D mutant tumors (Fig. 

7G). Strikingly, HIF-1α levels were significantly higher in C34 tumors than in parental 

SW620 tumors, and AZD1208 significantly reduced HIF-1α levels in the SW620 tumors, 

but not in the C34 tumors (Fig 7H). RT-PCR analysis of tumor tissue confirmed that 

PIM inhibition reduced the expression of pro-angiogenic genes VEGF-A and ANGPTL4 
in SW620 tumors, whereas PIM inhibition had no effect in B24 and C34 tumors (Fig. 7I). 

These data indicate that phosphorylation of Thr455 is sufficient to drive angiogenesis and 

increase tumor growth.
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Discussion:

HIF-1 activation is arguably the most important driver of angiogenesis in solid tumors. 

In clinical settings, IHC analysis of patient’s biopsy specimens indicate dramatic HIF-1 

overexpression in common human cancers, which leads to increased metastasis and 

mortality rates [32–35]. We are the first to demonstrate that PIM1 is sufficient to activate 

HIF-1 in normoxic conditions and promote angiogenesis (Fig. 2), establishing a new 

mechanism by which PIM kinases promote tumor progression. Moreover, elevated PIM1 

provides a novel explanation for the constitutive activation of HIF-1 in tumors that is 

frequently observed in the absence of hypoxia. We identified a novel post-translational 

modification that controls the proteasomal degradation of HIF-1α (Fig. 3 and 4). 

Mechanistically, phosphorylation of HIF-1α by PIM1 at Thr455 prevents the binding of 

PHDs and subsequent hydroxylation of HIF-1α, ultimately reducing its degradation by the 

26S proteasome (Fig. 7L). Interestingly, alignment with HIF-2α revealed an analogous site 

(Ser435) within the ODDD that regulates its stability through a similar mechanism (Fig. 

S5). While we were unable to confirm direct phosphorylation of this site by PIM1 using 

in vitro kinase assays, a phospho-mimetic mutation at this site was sufficient to block 

the ability of PIM inhibitors to reduce HIF-2α levels. Hence, it is possible that PIM2 or 

PIM3 could preferentially target HIF-2α (S435) or that PIM1 regulates this site through 

an indirect mechanism. Development of a phospho-specific antibody to HIF-1α (Thr455) 

confirmed that this site is phosphorylated in human cancer cell lines and that it is sensitive 

to changes in PIM1 activity. However, there is evidence that this site may be regulated by 

other kinases as well. For example, PIM3 is correlated with increased VEGF expression 

in pancreatic cancer, suggesting that other PIM isoforms could phosphorylate HIF-1α at 

Thr455 [36]. Moreover, protein kinase A has been reported to phosphorylate HIF-1α at 

Thr455 [16], and a proteomic-based screen searching for targets of aurora kinase inhibitors 

found significantly decreased phospho-Thr455 after treatment with aurora kinase inhibitors 

(AZD1152 and ZM447439) [37]. Therefore, phosphorylation of Thr455 appears to be a 

widely used mechanism through which multiple kinases regulate HIF-1α protein levels 

and HIF-1 activation. Unfortunately, HIF-1α itself has yet to be crystallized, so we are 

unable to speculate the consequences of T455 phosphorylation to HIF-1α structure. The 

sequence surrounding HIF-1α at Thr455 does not closely resemble the phosphorylation 

consensus motif predicted for PIM kinases (RXRHXS). Several established PIM1 substrates 

also have atypical phosphorylation sites, making it unclear how complete the described 

consensus sequences are for predicting PIM substrates. Other recent sites have identified 

PIM phospho-sites despite no canonical sequence being present, including, but not limited 

to, PIM1 autophosphorylation [38]. Future studies warrant further understanding of how 

PIM kinases recognize alternative substrate sequences and what determines the specificity of 

these targets.

PIM1 is elevated in many solid tumors and feeds into several pro-tumorigenic signaling 

pathways [39–41]. Here, we establish that heightened expression of PIM1 was sufficient 

to initiate and sustain angiogenesis in solid tumors (Fig. 1 and 2). Importantly, analysis 

of prostate cancer TMAs revealed a significant correlation between PIM1 and microvessel 

density, confirming that our in vitro and in vivo data translate to human cancers. Tumor 
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vasculature is also the primary route for tumor cell dissemination [42, 43]. Several 

preclinical and clinical studies in various solid tumor models show that upregulation of PIM 

isoforms is associated with increased metastasis and PIM inhibitors alone prevent metastasis 

[28, 44, 45]. Specifically, a recent clinical study revealed that PIM1 is overexpressed at a 

high frequency in circulating tumor cells from patients with castrate-resistant prostate cancer 

[46]. Our results suggest that the pro-metastatic role for PIM described in the literature could 

be due to increased tumor vascularization. In contrast to control tumors, overexpression 

of PIM1 in xenograft tumors lacking HIF-1α did not increase tumor growth, proliferation, 

or angiogenesis, indicating that the pro-tumorigenic effects of PIM1 are largely dependent 

on stabilization of HIF-1α and heightened angiogenesis (Fig 2). In addition, CRISPR cell 

lines containing a phospho-mimetic mutation at Thr455 were completely refractory to the 

anti-tumor effects of PIM inhibitors in vivo. (Fig 7). Thus, the anti-tumor effect of PIM 

inhibitors is dependent on their ability to downregulate HIF-1 and reduce angiogenesis (Fig. 

7). Synergistic anti-tumor effects have been reported when combining PIM inhibitors with a 

plethora of targeted therapies and chemotherapies, regardless of their mechanism of action 

[28, 47–50]. Our results suggest that the wide-ranging efficacy observed when combining 

PIM inhibitors and cytotoxic therapies could be attributed to their anti-angiogenic effects. 

We previously reported that PIM inhibitors selectively kill hypoxic tumor cells by increasing 

cellular reactive oxygen species in a HIF-1-independent manner [51]. This research expands 

our working model to include HIF-1; PIM inhibitors reduce angiogenesis by inhibiting 

HIF-1, which exacerbates the effects of hypoxia and renders tumor cells more susceptible to 

their cytotoxic effects (Fig. 7J).

Successful therapeutic targeting of transcription factors has proven challenging. However, 

reducing the expression of key transcription factors through post-translational modifications 

represents a promising approach [52–54]. Ongoing efforts to block angiogenesis as a 

treatment strategy have been fraught with disappointment, in many cases due to an increase 

in hypoxia associated with more aggressive disease. While many small molecules have been 

reported as HIF-1α inhibitors, no clinically approved selective HIF-1α inhibitor has been 

reported to date. Those that have been tested in the clinic have shown modest benefit [55], 

suggesting that alternative, HIF-independent pro-survival pathways are able to compensate 

or overcome HIF-1 inhibition. Taken in the context of our results and those of others, 

PIM is poised to fill this role. Blocking PIM represents a promising approach to overcome 

hypoxia-mediated therapeutic resistance due to both HIF-dependent and HIF-independent 

effects. Taken together with our previous studies showing a synergistic anti-tumor effect 

of inhibiting PIM1 and VEGF [28, 56], this work provides rationale for how this strategy 

works at the molecular level and identifies HIF-1α phosphorylation at Thr455 as a potential 

biomarker for the efficacy of PIM inhibitors in human tumors. Therefore, further translation 

of PIM inhibitors in combination with approved therapies is warranted in solid tumors as a 

new strategy to inhibit HIF-1 and angiogenesis while simultaneously targeting the hypoxic 

tumor cell population that is commonly associated with acquired resistance to therapy and 

treatment failure.
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Materials and Methods:

Cell lines:

Parental and genetically modified A549, H460, HEK293T, RKO, and SW620 cells were 

maintained in DMEM medium containing 10% FBS. RKO vector and shHIF-1α cell lines 

were provided by Dr. Nicolas Denko (OSU) and have been previously described [57]. 

SW620 HIF-1α T455D cell lines were generated by CRISPR-Cas9 mediated mutagenesis 

using ssODN 

AAAATTACAGAATATAAATTTGGCAATGTCTCCATTACCCGATGCTGAAACGCCAA

AGCCACTTCGAAGTAGTGCTGACCCTG and CRISPR sgRNA 

5’GGCTTTGGCGTTTCAGCGGT – 3’. Cells were sequenced for the presence of mutations 

(Fig. S4A), and positive clones were expanded for use (B24 and C34). PC3/VEC and PC3/

PIM1 cell lines were maintained in RPMI medium containing 10% FBS. HUVECs from 

Gibco were cultured in complete Med-200 containing 1X LVES media supplement 

(Invitrogen), and HUVEC cells from Lonza were cultured in EGM-2 medium with kit 

supplements added (Lonza). All cells were cultured at 37°C in 5% CO2, routinely screened 

for mycoplasma, and authenticated by short tandem repeat DNA profiling performed by the 

University of Arizona Genetics Core Facility and were used for fewer than 50 passages. 

When appropriate, cells were cultured in a hypoxic environment (1% O2, 5% CO2, 94% N2) 

using an InVivo2 400 hypoxia workstation (Baker Ruskinn).

Plasmids:

HA-HIF-1α (18949) and HRE-Luc were purchased from Addgene. HA-HIF-1α-T455A 

and HA-HIF-1α-T455D mutant plasmids were generated using site directed mutagenesis 

(Clontech). HA-PIM1 and HA-PIM1-K67M were gifts from Dr. Andrew S Kraft (UA). 

hPMI1 (short) was cloned into pCIP (lentiviral backbone) for generation of the hPIM1 cell 

lines, and PIM1 in FUCRW (RFP-lentiviral backbone) for generation of RFP-PIM1 cell 

lines. HA-Ub was a gift from Dr. Alexandra Newton (UCSD).

siRNA and Antibodies:

siHIF-1α experiments were performed using a forward transfection protocol (Lipofectamine 

3000 Invitrogen). HIF-1α and siRNA was purchased from Santa Cruz Biotechnology 

(sc-44225 and sc-35316, respectively). PIM1 siRNA sequences were previously reported 

[58]. The following western blot antibodies were used for western blot: actin (BD 

Biosciences); and HA, HIF-1α (cat #: 3724S), HIF-1α-OH [P564] (cat #: 3434S), p-IRS1 

[S1101] (cat #: 2385S), PHD2 (cat #: 4835S), PIM1 (cat #: 4835S), and ubiquitin (cat #: 

3933S) (Cell Signaling Technologies). The p-HIF-1α [T455] antibody was generated by 

Pacific Immunology for western blot and IHC in this manuscript. The following antibodies 

were also used for IHC: CC3 (cat #: ab4051), CD31 (cat #: ab124432), HIF-1α (cat #: 

ab16066) and PIM1 (cat #: ab245417)(Abcam).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PIM1 correlates with angiogenesis in human cancer samples.
A) Representative PIM1 and CD31 staining of three human prostate cancer TMAs, n=109. 

B) Scoring of PIM1 and CD31 were graphed to determine the association between PIM1 

and vasculature by Pearson correlation in each of the indicated TMAs. C) Mice (n=4/group) 

were injected with PC3-VEC or PC3-PIM1 cells and tumor volume was measured via 

caliper over time. D) Representative DCE-MRI trace from size-matched PC3-PIM1 and 

PC3-VEC tumors and E) average vascular perfusion (Ktrans), n=4/group. Scale bar = 50 μm. 

*p < 0.05, error bars = SEM.
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Figure 2. PIM1 induces angiogenesis in vivo and in vitro.
A) Dox-PIM1 PC3 cells were transfected with siHIF-1/2α prior to treatment with dox for 

24 h, and lysates were collected for immunoblotting and conditioned media (CM) was 

harvested for in vitro angiogenesis assay. B) Representative images of tube formation at 1 

and 6 hours after plating HUVEC cells in CM. C) Quantification of mean tube length and D) 

total branch points as measured with Image J Angiogenesis Analyzer plug-in. E) VEGF-A 

levels in CM from the indicated conditions were measured by ELISA. F) Twelve mice (n=3/

group) were injected with the indicated RKO cell lines, and tumor volume was measured 

over time. G) Mice were injected with 2 nmol of Angiosense 750EX 24 hours prior to 

Casillas et al. Page 17

Oncogene. Author manuscript; available in PMC 2022 January 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



imaging for fluorescence intensity. The vascular index was calculated by normalizing the 

bioluminescence signal to the tumor volume. H) Tumors derived from each cell line were 

harvested and immunostained with CD31, PIM1, HIF-1α, and CC3. I) Quantification of 

IHC. Scale bar = 50 μm. *p < 0.05, n.s. = not significant, error bars = SEM.
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Figure 3. PIM1 is sufficient to stabilize HIF-1α and activate HIF-1 in normoxia.
A) RKO colon cancer cells ± PIM1 were treated with DMSO or PIM447 (1 μM) for 6 h. B) 

A549 and H460 lung cancer cells were stably infected with lentiviral constructs expressing 

Vector (VEC) or PIM1. C) Dox-VEC or Dox-PIM1 PC3 cells were treated with Dox for 24 

h prior to DMSO or AZD1208 (3 μM) for 6 h. D) PC3 Dox-PIM1 cells expressing HRE-Luc 

were treated with Dox for 24 h prior to DMSO or AZD1208 for 6 h, and bioluminescence 

was measured. E and F) PC3 Dox-PIM1 cells were treated with Dox for 24 h prior to DMSO 

or AZD1208 for 6 h and RNA was harvested to measure the expression of hypoxia-inducible 
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genes. F) HIF-1 target genes upregulated 3-fold by PIM1 and reduced by AZD1208. G) PC3 

Dox-PIM1 cells were treated with Dox for 24 h prior to DMSO or AZD1208 for 6 h and 

RNA was harvested to measure gene expression by qRT-PCR. H) RNA was harvested from 

the indicated cell lines and gene expression was measured by qRT-PCR. *p < 0.05, n.s. = not 

significant, error bars = SEM.
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Figure 4. PIM1 phosphorylates HIF-1α at Thr455.
A) 293T cells were transfected with HA-PIM1 and treated with MG-132 in normoxia 

or hypoxia for 6 h. HA-PIM1 was immunoprecipitated and interaction with endogenous 

HIF-1α was assessed by western blotting. (+ = Heavy chain IgG). B) Images of Coomassie 

and autoradiography of in vitro kinase assays using recombinant PIM1 and HIF-1α. C) 

Spectra from mass spectrometry analysis of HIF-1α from an in vitro kinase assay showing 

phosphorylation of HIF-1α at Thr455 by PIM1. D) Sequence alignment across species 

and schematic of HIF-1α ODDD (Thr455 highlighted in blue) E) Immunoblot of in vitro 
kinase assay combining recombinant PIM1 with immunoprecipitated HIF-1α constructs. F) 

C42-B and PC3-LN4 cells were transfected with scrambled or PIM1 siRNA and cultured in 

normoxia (Nx) or hypoxia (Hx) for 6 hours prior to harvest.
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Figure 5. Phosphorylation of HIF-1α at T455 disrupts PHD2 binding and increases HIF-1α 
stability.
A) RKO ± PIM1 cells were incubated in hypoxia (1.0% O2) for 1 h then lysed at different 

time points after restoring normal oxygen (20% O2). B) 293T cells were transfected 

with HA-HIF-1α, T455A or T455D and incubated in hypoxia for 4 h prior to treatment 

with cycloheximide (CHX, 10 μM). Densitometry was used to determine the rate of 

protein decay. C) 293T ± PIM1 cells were transfected with HA-HIF-1α and treated with 

MG-132 (10 μM) and DMSO or AZD1208 (3 μM) for 4 h. HIF-1α constructs were 

immunoprecipitated and ubiquitination was measured by immunoblotting and quantified 

by densitometry. D) 293T cells ± PIM1 were transfected with HA- HIF-1α, T455D or 

T455A and treated with MG-132 for 4 h. HIF-1α constructs were immunoprecipitated and 

ubiquitination was measured by immunoblotting and quantified by densitometry. E) SW620 

and PC3 cells were transfected with HA-PIM1 and lysates were collected. Relative HIF-OH 

(Pro564) is graphed. F) HA-HIF-1α WT, T455D or T455A. HA-HIF-1α constructs were 

immunoprecipitated and blotted for HIF-OH (Pro564). The ratio of hydroxylated to total 

HIF-1α is graphed. G) 293T ± PIM1 cells were transfected with HA-HIF-1α and treated 
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with DMSO or PIM447 (3 μM) for 4 h. HA-HIF1α constructs were immunoprecipitated and 

PHD2 was probed by western blotting; relative abundance was calculated by densitometry. 

H) HA-HIF1α constructs were immunoprecipitated and PHD2 was probed by western 

blotting; relative abundance quantified below. *p < 0.05, n.s. = not significant, error bars = 

SEM.

Casillas et al. Page 23

Oncogene. Author manuscript; available in PMC 2022 January 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Phosphorylation of HIF-2α at S435 increases protein stability.
A) Sequence alignment of HIF-1α and HIF-2α ODDDs (Thr455 and Ser435 highlighted) B) 

293T cells were transfected with HA-HIF-2α or T455D and incubated in hypoxia for 4 h 

prior to treatment with cycloheximide (CHX, 10 μM). Densitometry was used to determine 

the rate of protein decay. C) 293T cells were transfected with the indicated HA-HIF-2α 
constructs and treated with DMSO or PIM447 (3 μM) for 4 h. D) The indicated HA-HIF-2α 
constructs were immunoprecipitated and PHD2 was probed by western blotting; relative 

abundance was calculated by densitometry. E) The indicated HA-HIF-2α constructs were 

immunoprecipitated after 4 h treatment with MG-132 and ubiquitin was probed by western 

blotting. *p < 0.05, n.s. = not significant, error bars = SEM.
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Figure 7. HIF-1α-T455D CRISPR mutants increase tumor growth and are resistant to PIM 
inhibition.
Two homozygous HIF-1α-T455D SW620 cell lines were generated via CRISPR site 

directed mutagenesis (B24 and C34). A) SW620, B24, and C34 cells were treated with 

PIM447 (3 μM) for 6 h. B) Representative images of tube formation after 24 h incubation 

in the indicated CM. C) Mean tube length and total branch points were quantified. D) 

Mice (n=4/group) were injected with 5 × 106 SW620 or C34 cells and treated with vehicle 

or AZD1208 (30 mg/kg); tumor volume was measured over time. E-H) IHC staining and 

quantification of the indicated markers in tumors from each cohort. I) RNA was harvested 

from tumor tissue and mRNA expression was measured by qRT-PCR. J) Model depicting the 

mechanism and physiological outcome of PIM1-mediated phosphorylation of HIF-1α. *p < 

0.05, Scale bar = 50 μm, n.s. = not significant, error bars = SEM.
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