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PRKD2 plays an important role in tumor cell survival, proliferation, migration, and angiogenesis. We recently
reported that cell death and impaired blood vessel formation evoked by inhibition of the HSP90 chaperone in human
cancer cells of various tissue origins is mediated by destabilization of PRKD2.

The protein kinase D (PRKD) family
of serine/threonine kinases belongs to the
calcium/calmodulin-dependent protein
kinase superfamily and comprises 3 iso-
forms, PRKD1, PRKD2, and PRKD3.
Our laboratory recently described PRKD2
as an essential mediator of tumor–endo-
thelial cell communication in gastrointes-
tinal cancers.1 Around the same time,
Moulick and colleagues applied a proteo-
mic strategy to identify cancer-specific
networks coordinated by heat shock pro-
tein 90 (HSP90), a chaperone that stabil-
izes various proteins and in particular
protein kinases,2 and identified PRKD2 as
a potential HSP90 “client” in chronic
myeloid leukemia.3 Based on the observa-
tion that RNA interference-mediated
depletion of PRKD2 in pancreatic cancer
cells was associated with an increase in
apoptosis similar to that invoked by phar-
macologic HSP90 inhibition, we hypothe-
sized that PRKD2 may be an important
HSP90 client in this context. Following
the demonstration that PRKD2 interacts
with HSP90, we treated various epithelial
cancer and glioblastoma cell lines with 2
HSP90 inhibitors currently in clinical
development: PU-H71, an optimized
water-soluble member of the purine class
of HSP90 inhibitors, and ganetespib (also
called STA9090), a resorcinol-containing
triazole molecule. HSP90 inhibition led
to proteasomal degradation of PRKD2
followed by tumor cell killing, consistent
with the previously reported antiapoptotic

function of PRKD2.4 Moreover, the fact
that ectopic expression of PRKD2
restored cancer cell viability after HSP90
inhibition substantiates the role of
PRKD2 in the killing of cancer cells.5

These findings raised 2 questions: Given
the established role of PRKD2 in tumor
angiogenesis,1 does HSP90 inhibition also
affect tumor vascularization? What is the
molecular mechanism by which PRKD2
orchestrates HSP90 tumor growth and
angiogenic actions?

To investigate the contribution of a
HSP90–PRKD2 axis to tumor angiogene-
sis in colon and breast carcinoma we used
2 in vivo models, the chicken chorioallan-
toic membrane assay and human tumor
xenografts in nude mice. In both systems,
forced expression of PRKD2 restored vas-
cularization and tumor cell viability in the
presence of a pharmacologic HSP90
inhibitor, indicating that HSP90 does
indeed promote tumor angiogenesis via
stabilization of PRKD2.5 We next investi-
gated the mechanism through which
HSP90-stabilized PRKD2 mediates new
blood vessel formation in these systems.
Specifically, we evaluated the impact of
PRKD2 on secretion of vascular endothe-
lial growth factor A (VEGFA) and accu-
mulation of hypoxia-inducible factor 1a
(HIF-1a) in hypoxic tumors in the con-
text of HSP90 inhibition because
VEGFA, one of the most potent media-
tors of angiogenesis, is upregulated via sta-
bilization of HIF-1a6 and HSP90

interacts with both HIF-1a and PRKD2.5

RNA interference-mediated knockdown
of PRKD2 resulted in impaired hypoxia-
induced HIF-1a accumulation and
decreased VEGFA levels, similar to
genetic or pharmacologic abrogation of
HSP90.5

The most important finding, however,
comes from experiments showing that
ectopic PRKD2 partially restores hypoxia-
induced HIF-1a accumulation and
VEGFA secretion following HSP90 inhi-
bition. These data imply that hypoxia-sta-
bilized HIF-1a is regulated by both
HSP90 and PRKD2, and that the latter
may function as a signaling hub for chap-
erone and hypoxia-mediated pathways.5

Further investigation is required to eluci-
date to what extent HSP90 utilizes
PRKD2 to regulate HIF-1a/VEGFA/
angiogenesis and whether PRKD2 con-
comitantly shares this function with other
HSP90 clients.

PRKD2 itself may employ several
mechanisms to relay the angiogenic signals
necessary for generation of tumor-derived
blood vessels. We recently demonstrated
that PRKD2 can regulate hypoxia-
induced VEGFA secretion through induc-
tion of TR3/Nur77, an orphan member
of the steroid/thyroid receptor family that
is involved in VEGFA-induced angiogene-
sis.1,7 Interestingly, Choi and colleagues
demonstrated that TR3/Nur77 is acti-
vated by HIF-1a8 while in the same year
Yoo et al. revealed that TR3/Nur77
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stabilizes HIF-1a.9 These findings and
our current work suggest that PRKD2
might govern 2 interrelated signaling
pathways converging on VEGFA (Fig. 1).

Finally, we identified yet another sig-
naling route leading to increased vasculari-
zation in tumors. Since the transcription

factor NF-kB (and its target gene VEGFA)
is activated by hypoxia, HSP90, and
PRKD2,10 we reasoned that NF-kB sig-
naling might be connected to the hypoxic
response regulated by the HSP90–
PRKD2 axis. However, PRKD2 only
marginally restored hypoxia-induced NF-

kB promoter activity in the context of
HSP90 inhibition, suggesting that addi-
tional factors/clients are required to trans-
mit HSP90’s angiogenic signals through
the NF-kB pathway5. Whether PRKD2
activates NF-kB/VEGFA via upregulation
of HIF-1a—for example, through induc-
tion of a TR3 ! HIF-1a! NF-kB/
VEGFA cascade—or whether interaction
with other molecules, such as inducible
kappa B kinase (IKK), is required to acti-
vate NF-kB/VEGFA remains to be eluci-
dated (Fig. 1). Lastly, our work may have
clinical implications since several HSP90
and PRKD2 inhibitors are currently being
developed as anticancer agents.

In conclusion, in this study we have
addressed the role of PRKD2 as a novel
HSP90 client, thereby providing a link
between aberrant chaperone activity and
increased angiogenesis in various cancers.
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Figure 1. Molecular signals orchestrated by HSP90-stabilized and hypoxia-activated PRKD2 during
tumor growth and angiogenesis. Stabilization of PRKD2 by HSP90 contributes to enhanced tumor
viability and vascularization. In this scenario, PRKD2 is responsible for augmented HIF-1a accumula-
tion in a low-oxygen environment, resulting in activation of NF-kB and its target VEGFA. The extent
to which PRKD2 regulates VEGFA secretion, either directly through HIF-1a and/or TR3/Nur77 or
indirectly through NF-kB, remains to be elucidated. PRKD2, protein kinase D2; HSP90, heat shock
protein 90; HIF-1a, hypoxia-inducible factor 1-a; VEGFA, vascular endothelial growth factor A. ?
unknown molecule.
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