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Angiogenesis is key for tissue growth and remodeling 
both during development, regeneration and under 
pathological situations such as in cancer (1). Angiogenesis 
is tightly regulated by a multitude of both pro-and anti-
angiogenic factors, the balance of which—known as the 
angiogenic switch—is determining growth or quiescence 
of the vasculature (1). As such, endogenous angiogenesis 
inhibitors such as angiostatin, endostatin, thrombospondin 
and 16K prolactin are crucial, especially in adult organisms, 
for maintaining vascular quiescence and health (2). 
Characteristic for endogenous angiogenesis inhibitors is that 
they are produced by proteolytic cleavage of extra-cellular 
pro-angiogenic factors but the mechanisms regulating this 
process as well as the mechanisms by which they inhibit 
pro-angiogenic signaling remains poorly defined (2). In 
large part due to these difficulties, research on endogenous 
angiogenesis inhibitors have recently lost momentum 
in favor of efforts towards identifying ways of medically 
blocking pro-angiogenic factor signaling. However, the 
rather unsatisfying clinical results gained from inhibition 
of the main pro-angiogenic signaling pathway; the vascular 
endothelial growth factor (VEGF)—VEGF receptor axis 
in several types of cancer, have again raised attention to 
alternative ways of interfering with this critical aspect of 
tumor biology.

In this context, understanding the mechanisms of action 
of the endogenous anti-angiogenic factors are of pivotal 
importance. One such interesting anti-angiogenic factor is 
the 16 kDa, N-terminal fragment of prolactin (16K PRL or 
vasoinhibin). Prolactin is a pro-angiogenic protein that is 

efficiently processed to its 16K antiangiogenic fragment by 
bone-morphogenetic protein 1 (3) or cathepsin D (4), but 
whether other proteases also play a role in the processing, 
the mechanism behind its regulation as well as that leading 
to anti-angiogenic effects of 16K PRL, is poorly understood. 
Recently, in an article published in Nature Medicine (5), 
Struman and collegues discovered a key piece of the puzzle: 
Surprisingly, the anti-angiogenic effects of 16K PRL was 
found to depend on interaction with the otherwise pro-
angiogenic plasminogen activator inhibitor type 1 (PAI-1) in 
complex with urokinase-type plasminogen activator (uPA) 
and the uPA receptor (uPAR). The authors found that 16K 
PRL lost all anti-angiogenic functions in mice lacking PAI-1  
or where uPAR signaling was inhibited (5). This finding 
is particularly interesting as PAI-1, uPA and uPAR are 
considered pro-angiogenic factors (6), indicating that 16K 
PRL may not only disable such pro-angiogenic signaling but 
at the same time even render anti-angiogenic signals through 
this pathway indicating the discovery of a potential double-
edged sword that could disrupt tumor angiogenesis by dual 
mechanisms the same time. As this entire regulation may 
be achieved outside of the cell (Figure 1), pharmacological 
targeting of this pathway even by large molecules such as 
antibodies or recombinant proteins (for example 16K PRL 
itself or proteases that may cleave PRL to 16K PRL) could 
be feasible. This report may therefore constitute the core 
of a new way of targeting tumor angiogenesis, but many 
pertinent questions remains to be answered before such an 
impact can be practically achieved. For example, which are 
the proteases involved in the processing from pro-angiogenic 
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full- length PRL to the anti-angiogenic 16K PRL, and how 
is the proteolysis of PRL regulated? How is the active 16K 
PRL-PAI-uPA-uPAR-LRP complex constructed? Which 
of these constituents are driving the anti-angiogenic effects 
down-stream of 16K PRL and how? And, given that 16K 
PRL inhibits PAI (see below), and through this mechanism 
activate fibrinolytic functions of uPA, how is then the anti-
angiogenic induction achieved and uncoupled from the pro-
fibrinolytic activity of this pathway, considering that the 
anti-angiogenic effects relied on inhibition of uPA-uPAR 
signaling?

PAI-uPA-uPAR is not only involved in angiogenesis. 
Indeed the best characterized role of this pathway is in 

the regulation of fibrinolysis, a critical aspect of fibrin clot 
formation and resolution (7). Reduced activity of uPA 
leads to impaired fibrinolysis which may increase the risk 
for serious cardiovascular events including atherosclerosis 
and thromboembolisms (8). Importantly, Bajou et al. found 
that 16K PRL significantly reduced the inhibitory effects 
of PAI-1 leading to improved clearance of thrombi in 
experimental thrombus and thromboembolism models (5).  
This role of 16K PRL potentially extends beyond the 
importance it may have as an anti-angiogenic molecule and 
suggests that it may play important roles as a fibrinolytic 
agent and therefore potentially as an inhibitor of thrombus-
related cardiovascular events such as myocardial infarction, 

Figure 1 Schematic representation of the hypothesis that 16K PRL may be involved in circadian regulation of angiogenesis and fibrinolysis. 
During the day PRL, and therefore 16K PRL levels are low, while PAI-1 expression is high leading to inhibition of uPA-uPAR-LRG-mediated 
fibrinolysis. Should angiogenesis be induced for example by tumor-associated angiogenic factors, such angiogenesis would not be challenged 
by 16K PRL-mediated inhibition under these circumstances. During the night, when PRL and 16K PRL levels are high, uPA-induced 
fibrinolysis is activated while uPAR-LRG-mediated angiogenesis in response to for example VEGF or FGF-2 is attenuated by binding of 
16K PRL to the PAI-1-uPAR-complex. PRL, prolactin; uPA, urokinase-type plasminogen activator; LRP, low density lipoprotein receptor-
related protein 1; BMP1, bone morphogenetic protein 1; PAI-1, plasminogen activator inhibitor type 1; uPAR, uPA receptor; VEGF, vascular 
endothelial growth factor.
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pulmonary thromboembolism or stroke. It is well known 
that such cardiovascular events occur predominantly in 
the morning (9). Understanding the factors determining 
this difference has been a subject of intense research and a 
number of circadian factors playing important roles in this 
diurnal regulation have been identified (10). One of these is 
endothelial bone and muscle arnt-like 1 (Bmal1). Bmal1 is an 
important driver of the cellular circadian clock leading to the 
production of a wide range of factors regulating circadian 
functions of our organism (11). These include regulation 
of immune function, metabolism and alertness during 
the active period (day for humans, night for mice) (11).  
Bmal1 is also critically involved in regulation of the 
cardiovascular system including increased heart-rate and 
blood pressure during the active period (9). In addition 
to Bmal1, the negative translational feedback inhibitor 
Period2 (Per2), is important for maintaining rhythmicity 
in the circadian transcription-translation feedback loop, 
and also plays a major role in regulation of cardiovascular 
physiology and pathology (9-12). Interestingly, both 
Bmal1 and Per2 regulate the transcriptional frequency of 
the pai1 and prl genes (13,14), meaning that both PAI-1  
and PRL are considered circadian genes. Indeed, PRL 
plays major roles in circadian endocrine regulation and 
as such in the communication between the light-sensitive 
circadian rhythms in the retino-hypothalamic-pituitary 
axis and peripheral tissues. PRL is intimately coupled to 
circadian rhythms of sex hormone production and function, 
reproductive physiology, metabolism (especially lipid 
metabolism) and regulation of the immune system (especially 
via corticosteroids) (15). Interestingly, PRL levels decrease 
in individuals engaged in frequent shift-work (16), a known 
risk factor for breast—and other cancers, indicating that 
night-time production of PRL and perhaps especially the 
16K PRL isoform is important for reducing breast cancer 
risk. Less is known regarding circadian functions of PAI-1.  
However, PAI-1 is known to be produced at high levels in 
the morning and dramatically reduced in the evening (13). 
As PRL is produced both as the full length protein, which is 
inert in terms of regulating fibrinolysis, and as the 16K PRL 
fragment, found by Bajou et al. to render PAI-1 fibrinolytic 
rather than anti-fibrinolytic, this may suggest that nocturnal 
16K PRL may be important for mitigating the anti-
fibrinolytic effects of the rising levels of PAI-1 during the 
night, but that as the 16K PRL levels concurrently decrease 
in the early hours of the morning, thus leading to a tipping 
of the balance in favor of anti-fibrinolysis and increased risk 
of cardiovascular events—especially those dependent on 

thrombus formation—in the morning.
Recently it was discovered that also the prototypical 

angiogenic factor VEGF is under direct transcriptional 
regulation by Bmal1 and Per2 (17,18). Mutating the Bmal1-
binding sites in the VEGF-promoter, but leaving other 
transcription factor binding sites untouched completely 
abolished VEGF-production during zebrafish embryogenesis 
and inhibited developmental angiogenesis (17). VEGF 
transcription was highest during the inactive phase, a finding 
that has been confirmed by others in humans (19). 16K PRL 
may therefore act as an important endogenous inhibitor of 
angiogenesis during the night, when VEGF- levels are at the 
highest level, thus mediating a controlled vascular growth 
response and avoiding exaggerated neovascularization 
and vascular permeability (Figure 1). Indeed, evidence 
for a strong role of the circadian clock in regulation of 
angiogenesis, including tumor angiogenesis, is growing. The 
tumor angiogenic process itself, as well as the effectivity 
resulting from anti-angiogenic therapy differs dramatically 
during the day and during the night coupled to the changes 
in circulating levels of angiogenic factors and the molecular 
control of angiogenic factors such as eNOS in endothelial 
cells themselves by Bmal1 and Per2 (11,12,18). On this 
background, and considering the well-established circadian 
regulation and functions of PRL, it is tempting to speculate 
that disruption of night-time 16K PRL production may 
occur and drive increased cancer (especially breast cancer) 
incidence in night-shift workers. If so, could treatment with 
16K PRL in the evening, be an attractive avenue for anti-
angiogenic treatment in shift-workers? These interesting 
potential implications of the work by Bajou et al. deserved 
further investigation.
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