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Abstract

The tumor suppressor p53 ( 7P53) protects the genome against cellular stress and is frequently
mutated in cancer. Mutant p53 acquires gain-of-function oncogenic activities that are dependent
on its enhanced stability. However, the mechanisms by which nuclear p53 is stabilized are poorly
understood. Here, we demonstrate that stress-induced wild-type p53 and mutant p53 are regulated
by the type | phosphatidylinositol phosphate kinase (PIPKla or PIP5K1A) and its product
phosphatidylinositol 4,5-bisphosphate (P14,5P5). Nuclear PIPKIa directly binds to p53, resulting
in the production and association of P14,5P, to p53. P14,5P, association promotes the interaction
between p53 and small heat shock proteins (e.g. HSPB1 and HSPB5), which stabilize nuclear p53.
Moreover, inhibition of PIPKla or Pl14,5P,-association results in p53 destabilization. Our results
point to a previously unrecognized role of nuclear phosphoinositide signaling in regulating p53
stability and implicate this pathway as a promising therapeutic target in cancer.

Introduction

The lipid messenger phosphatidylinositol 4,5-bisphosphate (P14,5P5) controls a broad range
of normal cellular functions, while its dysregulated activity contributes to the pathogenesis
of diverse diseasest. P14,5P, directly binds to protein targets known as P14,5P, effectors and
regulates their function by modulating activity and localization? 3, The majority of P14,5P,
is generated by phosphorylation of PI14P and PI5P by type | and type Il phosphatidylinositol
phosphate kinases (PIPKs), respectively, and each type has a, p and y isoforms in

humans?: 3. Membrane P14,5P, rapidly diffuses in the lipid bilayer* and thus P14,5P,
generation is directly linked to its usage3. Often, P14,5P,-generating enzymes are physically
associated with P14,5P, effectors?: 3. P14,5P, is present in most membranes including the
plasma membrane and membranes of the Golgi, endosome and endoplasmic reticulum?.
P14,5P, is also found in the nucleus. Nuclear P14,5P5 is distinct from the nuclear envelope
and is found in non-membranous structures such as nuclear speckles? >/, Although several
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nuclear P14,5P, effectors have recently been identified? 6, the function of nuclear P14,5P, is
poorly understood.

The tumor suppressor p53 protects the genome against multiple cellular stresses, including
DNA damage, hypoxia, oxidative stress, metabolic stress, and oncogene activation®-19, In
response to stress, wild-type p53 accumulates in the nucleus and controls transcription of
target genes that regulate cell-cycle arrest, DNA repair, apoptosis, senescence, and
metabolism?®. The 7P53gene is frequently mutated in diverse cancers, and the majority of
these alterations are missense mutations resulting in the expression of mutant p5311: 12,
Often, the mutant p53 proteins accumulate in the nucleus and acquire oncogenic activities
that promote tumor progression and chemoresistance. Although the enhanced stability of
mutant p53 is critical for its oncogenic function, the molecular mechanisms regulating
nuclear p53 stabilization are poorly understood. Here, we show that the stability of stress-
activated wild-type p53 and mutant p53 is regulated by P14,5P,. p53 associates with the
P14,5P,-generating enzyme, type la phosphatidylinositol-4-phosphate 5-kinase (PIPKla) in
the nucleus, and depletion or pharmacological inhibition of PIPKla diminishes p53 stability.
Moreover, P14,5P, generated by PIPKla interacts to p53 via a polybasic motif in the C-
terminal regulatory domain and in turn promotes binding of small heat shock proteins
(sHSPs) HSP27 and a.B-Crystallin. Both P14,5P, binding and recruitment of sHSP are
required for stabilization of nuclear p53. Overall, these experiments point to a previously
unanticipated role of nuclear phosphoinositide signaling in controlling p53 stability and
implicate PIPKIa and the PIPKIa-p53-P14,5P,-sHSP complex as promising therapeutic
targets in cancer.

PIPKIa controls mutant and stress-induced wild-type p53 stability

Although the function of P14,5P, at the plasma membrane and other membranes has been
well characterized, P14,5P,’s role in the nucleus remains largely enigmatic. Nevertheless,
substantial quantities of P14,5P, and other phosphoinositides are present in the nucleus?3,
and nuclear-localized PIP kinases, PIPKIa, PIPKIy, PIPKIla, and PIPKIIB, maintain the
nuclear P14,5P, pool®. Based on a recent report that PIPKIIB gene (PIP4K2B) amplification
correlates with 7P53 mutation in breast cancer and that PIPKIla and PIPKIIB promote the
growth of mutant p53-expressing breast cancer cells4, we postulated that one or more PIP
kinases regulate mutant p53 stability or function. To investigate this possibility, each of the
nuclear-localized PIP kinases was deleted by the CRISPR-Cas9 system in MDA-MB-231
breast carcinoma cells expressing mutant p53 (R280K). Although deletion of PIPKIla.,
PIPKIIB or PIPKI+y had no impact on mutant p53 protein levels, PIPKla deletion
substantially reduced mutant p53 protein levels (Fig. 1a), but p53 mRNA levels were
unaffected (Fig. 1b). Reduction of mutant p53 protein levels by PIPKla deletion was not due
to altered expression of components of the HSP90 chaperone or phosphoinositide 3-kinase
(p110a) complexes (Fig. 1a) that have established roles in regulating p53 stabilityl1.
Transient knockdown of PIPKIa also reduced mutant p53 protein levels in cancer cell lines
examined across a broad range of different 7253 missense mutations (Supplementary Fig.
1a, 1b).
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Inhibition of PIPKla activity using a PIPKIa-selective inhibitor ISA-2011B° decreased
mutant p53 protein levels (Fig. 1¢c and Supplementary Fig. 1c, 1d). Under these conditions
ISA-2011B treatment also reduced PIPKIa expression (Fig. 1c) as reported!®. By contrast,
PIPKla knockdown or ISA-2011B treatment had no effect on wild-type p53 protein levels
under unstressed conditions (Fig. 1c, 1d, 1e, and Supplementary Fig. 1a). These results
indicate that inhibition of PIPKIa, but not other nuclear PIP kinases, reduces levels of
mutant p53 protein encoded by several different 7253 missense mutations.

The stability of wild-type and mutant p53 has been reported to be regulated by distinct
mechanisms!1. Wild-type p53 protein levels are regulated by a set of E3 ubiquitin ligases
including MDM2, MDMX, and CHIP®: 9. In response to stress including DNA damage,
wild-type p53 is phosphorylated in the N-terminus, resulting in its dissociation from the E3
ubiquitin ligases and subsequent stabilization. In contrast, most mutant p53 proteins
associate with the HSP90 chaperone complex, which is postulated to block access of the E3
ubiquitin ligases to mutant p53, promoting p53 stability!: 16. 17 However, recent reports
demonstrate that inhibition of autophagy reduces both wild-type and mutant p53 levels!8: 19,
suggesting that the stability of wild-type and mutant p53 is regulated by at least partly
common mechanisms.

We explored whether PIPKla and P14,5P; regulate wild-type p53 stability in response to
stress. Knockdown of PIPKIa blocked stabilization of wild-type p53 levels by the DNA
damaging agent cisplatin (Fig. 1d). This phenotype was rescued by re-expression of wild-
type PIPKIa but not by the kinase-dead (KD) mutant, indicating that PIPKIa-dependent
P14,5P, production promotes stress-induced wild-type p53 stabilization. Furthermore,
inhibition of PIPKIa by ISA-2011B suppressed cisplatin-induced wild-type p53
stabilization in the tested cell lines (Fig. 1e). It is important to note that the reduction of
mutant p53 levels by ISA-2011B required longer incubation times (Supplementary Fig. 1c)
as the turnover rate of mutant p53 is much slower than wild-type p5318: 20. 21 Moreover,
prolonged treatment of cells with ISA-2011B reduced PIPKIa levels (Fig. 1c), while shorter
ISA-2011B treatment did not alter PIPKla levels (Fig. 1e). Taken together, these results
indicate that inhibition of PIPKIa activity and P14,5P, generation is sufficient to suppress
wild-type p53 stabilization by genotoxic stress.

PIPKIla directly interacts with nuclear p53

As PIP kinases often bind to proteins whose function they control, these interacting proteins
are often P14,5P, effectors?: 3: 22: 23 Thus, the potential interaction between PIPKla and p53
was explored. Under unstressed conditions, mutant p53 coimmunoprecipitated with PIPKla
(Fig. 2a) and DNA damage stress modestly increased the interaction (Supplementary Fig.
2a). Mutant p53 is known to interact with heat shock protein (HSP) 70 and 90 chaperones
that control its stability?4, and these HSPs also coimmunoprecipitated with PIPKla (Fig.
2a). The association of PIPKla with wild-type p53 was not detected in unstressed cells (Fig.
2a), but was dramatically increased by DNA damaging agents (cisplatin and etoposide) and
oxidative stress by tert-butylhydroquinone (tBHQ) (Fig. 2b and Supplementary Fig. 2b).
MDM?2 is known to interact with wild-type p5316: 21 and coimmunoprecipitated with
PIPKIa in unstressed cells, but this interaction was diminished by cisplatin treatment and
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was not detected in cells expressing mutant p53 (Supplementary Fig. 2a, 2b). Collectively,
these data indicate that PIPKIa forms a stress-induced complex with wild-type and mutant
p53 and selective proteins in the p53-interacting complexes /n vivo.

The potential for a direct interaction of PIPKla with p53 was explored. Recombinant p53
was incubated with an increasing amount of recombinant PIPKla and p53-bound PIPKla
was analyzed (Fig. 2c top). The binding curve showed saturable binding (Fig. 2¢ bottom),
indicating that PIPKla directly and specifically binds to p53.

To explore this interaction in cells, the subcellular localization of the PIPKla-p53 complex
was examined by immunofluorescence. Cisplatin treatment increased the nuclear PIPKla
signal (Fig. 2d and Supplementary Fig. 2c, 2d), indicating that PIPKIa locates to the nucleus
in response to genotoxic stress. Under these conditions, PIPKla partially colocalized with
wild-type p53 in the nucleus (Fig. 2d, 2e). The interaction between PIPKla and p53 was
quantified using a proximity ligation assay (PLA)Z® that detects two closely located epitopes
in a complex (less than 40 nm apart)26. DNA damage stress dramatically increased the
nuclear PIPKla-p53 PLA signal (Fig. 2f, 2g), supportive of a regulated association. The
nuclear PIPKIa-p53 PLA foci localized to compartments where DAPI staining was low
(Supplementary Fig. 2e, 2f), suggesting that PIPKla and p53 coexist in subnuclear
compartments that are discrete from chromosome domains, consistent with other reports®: 7.

p53 associates with P14,5P, in the nucleus

The P14,5P, generation is transient and P14,5P,-generating enzymes such as PIPKIa often
associate with P14,5P, effectors?. To test if p53 is a P14,5P, effector, P14,5P, binding was
quantified using a liposome sedimentation assay?’ (Fig. 3a). Liposomes were made with
10% phosphoinositide of either synthetic or natural source. Synthetic lipids (PI, PI3P, PI4P,
PI5P, P13,4P,, P13,5P,, P14,5P,, and P13,4,5P3) uniformly have dioctanoyl acyl chains.
Natural bovine brain purified lipids (P1, PI4P, and P14,5P,) have variable acyl chain
composition but are largely arachidonate and palmitoleatel. All synthetic lipids exhibited
background binding to recombinant p53. Significantly, p53 binding to native brain P14,5P,
was robust, signifying that the acyl chain composition of P14,5P,28 29 js important for p53
binding (Fig. 3a). The binding of p53 to P14,5P, was analogous to that of the pleckstrin
homology (PH) domain of phospholipase C 61 (PLC §1-PH) (Fig. 3b and Supplementary
Fig. 3a, 3b) that is a well-established P14,5P, binding protein3%: 31 indicating that p53 is a
genuine P14,5P,-binding protein. The P14,5P,-binding domains are often mediated by a
cluster of positively charged amino acids known as a polybasic motif (PBM)?2 23.27.32 and a
putative PBM is present in the C-terminal regulatory domain (CTD) of p53. To determine if
this PBM is responsible for P14,5P, binding, 5 lysines and/or 1 arginine in the CTD were
mutated to neutral glutamine creating 6Q or R379Q mutants (Supplementary Fig. 3a). These
mutations dramatically reduced P14,5P, binding /n vitro (Fig. 3b and Supplementary Fig.
3b). Collectively, these results establish that p53 specifically binds to P14,5P, via a PBM in
the CTD of p53.

As p53 binds to DNA (also negatively charged), the specificity of the p53 interaction with
P14,5P, was compared to other DNA binding proteins (Fig. 3c). p53, the p53 homolog p63
(TAp63a)33, or c-Fos34 was expressed in cells and the associated complex was analyzed by
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an anti-P14,5P, antibody KT103°. p53, but not p63 nor c-Fos, retained P14,5P, interaction,
indicating that the p53-P14,5P, interaction is a specific event. Furthermore, the endogenous
interaction between p53 and P14,5P, was examined in non-transformed and cancer cell lines.
In the tested cells, stress-induced wild-type and mutant p53 robustly associated with P14,5P,
(Supplementary Fig. 3c).

The colocalization of p53 and P14,5P, /n vivo was assessed by immunofluorescence. DNA
damage stress induced by cisplatin stimulated the nuclear accumulation of P14,5P, and
P13,4,5P5 (Supplementary Fig. 3d-3i) consistent with a recent report36. PI3P nuclear
staining was also increased while P14P and P13,4P, remained unchanged. Importantly, a
substantial fraction of nuclear P14,5P, colocalized with DNA damage-induced wild-type p53
(Fig. 3d, 3e). The P14,5P,-p53 association was also examined using PLA. The P14,5P5-
mutant p53 PLA signal was largely detected in the nucleoplasm and was ~95% reduced by
PIPKIa deletion (Fig. 3f, 3g), supporting that P14,5P,-generated by PIPKIa is responsible
for p53 association. In unstressed conditions, minimal nuclear P14,5P,-wild-type p53 PLA
signal was detected. DNA damage robustly induced the nuclear P14,5P,-p53 PLA signal but
not the PLA signal for p53 with other phosphoinositides tested (Supplementary Fig. 3j—3n).
Taken together, these data demonstrate that P14,5P, generated by PIPKIa associates with
p53 in the nucleus.

P14,5P,-associated p53 is found in distinct subnuclear areas

The nuclear P14,5P, pool is distinct from the nuclear membrane® 37 and consistently the
p53-P14,5P, association was observed largely in the nucleoplasm (Fig. 4a and
Supplementary Fig. 4a, 4b). A closer examination via p53-P14,5P, PLA showed that the vast
majority of the PLA signal was located in the nucleus at sites distinct from the nuclear
membrane (Fig. 4b and Supplementary Fig. 4c, 4d). To more precisely map where p53 and
P14,5P, interact in the nucleus, a nuclear speckle marker SC-35 was used. Previously,
PIPKla and P14,5P, was reported to localize partly in nuclear speckles® and consistently
P14,5P, and p53 partially colocalized with SC-35-positive nuclear speckles (Supplementary
Fig. 4e). In addition, a recent report indicated that nuclear P14,5P5 levels increase in
response to DNA damage36, and our results further demonstrate that PIPKla., P14,5P,, and
p53 co-localize to DNA damage sites (yH2A.X-positive foci) in the nucleus upon cisplatin
treatment (Fig. 4c and Supplementary Fig. 4f—4k). Importantly, knockdown of PIPKla
reduced the colocalization of P14,5P, and p53 at the DNA damage sites (Fig. 4d, 4e, and
Supplementary Fig. 5a-5f). Taken together, these findings signify that p53 interacts with
P14,5P, in distinct regions of the nucleus, and suggest that the interaction of p53 with
PIPKla and P14,5P; targets p53 to distinct subnuclear areas.

P14,5P,-binding controls stability of stress-induced wild-type and mutant p53

We showed that the P14,5P,-binding region is on the CTD of p53 (Fig. 3). The CTD of p53
is a regulatory region that controls its function and stability?L. Initially, we assessed whether
P14,5P, binding regulated mutant p53 stability. The 6Q mutation was introduced into
cDNAs encoding the two most frequent 7P53 missense mutations found in cancer (R175H
and R248Q)1.17 and the effect on mutant p53 stability was tested. When stably expressed
in p53-null PC3 cells, protein levels of each p53 6Q mutant were significantly diminished
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compared to their wild-type CTD counterparts (Fig. 5a). However, mRNA levels were not
altered (Fig. 5b), indicating that the 6Q mutation reduced the stability of mutant p53 protein.
The diminished stability of mutant p53 was not due to defective binding of 6Q mutants to
PIPKla (Supplementary Fig. 5g). These results suggest that mutant p53 is stabilized by
PIPKla-generated P14,5P, binding to its CTD. To further test if P14,5P, is required for p53
stability, a P14,5P,-specific phosphatase inositol polyphosphate-5-phosphatase E
(INPP5E)38. 39 was expressed and its impact on wild-type p53 stabilization by cisplatin was
measured. Overexpression of wild-type INPP5E significantly reduced wild-type p53
accumulation in response to genotoxic stress but the phosphatase-dead mutant had no effect
(Fig. 5¢). Additionally, specific phosphoinositide binding domains3?: 40 were expressed and
their impact on p53 stability was tested. Sequestration of either PI3P by expression of the
FYVE domain of Hrs (Hrs-FYVE) or PI3,4,5P3 by the PH domain of Aktl (Akt1-PH) did
not affect wild-type p53 stabilization by cisplatin (Fig. 5d). In contrast, sequestration of
P14,5P, by PLC81-PH significantly reduced p53 levels, further supporting that P14,5P, is
critical for p53 stability. Sequestration of P14P by Osh2-PH also reduced stress-induced
wild-type p53 levels, suggesting that conversion of PI4P to P14,5P, (by PIPKIa) is required
to maintain p53 stability. Of note, we previously demonstrated that these phosphoinositide
binding domains are localized in the nucleus®!.

To investigate whether P14,5P, binding regulates the subcellular localization of p53, p53
proteins were transiently expressed in p53-null H1299 cells and visualized by
immunofluorescence. Different p53 proteins showed distinct distribution patterns as
reported®2. p53 6Q mutants were more frequently found in the cytoplasmic compartment
compared to their wild-type CTD counterparts (Fig. 5e, 5f, and Supplementary Fig. 5h).
These results indicate that P14,5P, binding to p53 may regulate its nuclear localization.

Nuclear p53 associates with small heat shock proteins

To investigate the mechanisms by which PIPKIa and P14,5P, regulate p53 stability, the
immunoprecipitated p53 complex from cytosolic and nuclear fractions were analyzed for
associated molecules (Fig. 6a, 6b, and Supplementary Fig. 6a—6c). Genotoxic stress
dramatically enhanced the interaction between wild-type p53 and P14,5P, in the nucleus
(Fig. 6a and Supplementary Fig. 6a). Mutant p53 was constitutively associated with P14,5P;
in the nuclear fraction and cisplatin only modestly enhanced this interaction. Furthermore,
knockdown of PIPKIa reduced nuclear wild-type and mutant p53 interaction with P14,5P,
(Supplementary Fig. 6b, 6c¢), indicating that P14,5P, generated by PIPKIla is transferred to
and interacts with p53 in the nucleus.

It has been well-documented that wild-type p53 stability is controlled by a set of E3
ubiquitin ligases and MDM2 has a dominant role® 20: 21 Mutant p53 stability has been
reported to be regulated by unique protein interactions, including the HSP90-HSP70
chaperone complex12: 16. 24,43 However, each of these known interacting proteins
associated with p53 largely in the cytosolic fraction (Fig. 6a and Supplementary Fig. 6a),
suggesting that the stability of nuclear p53 is regulated by distinct mechanisms. To identify
the molecular components of the nuclear PIPKla-p53-P14,5P, complex, wild-type and two
mutant 7P53 cDNAs (R175H and R248Q) and their corresponding P14,5P, binding-
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defective 6Q constructs were transiently expressed in p53-null H1299 cells. p53-interacting
proteins were analyzed by mass spectrometry and immunoprecipitation. Ectopic expression
of p53 6Q constructs resulted in similar protein levels as the other constructs (Fig. 6¢).
However, the 6Q p53 proteins had little or no P14,5P, association, confirming that the 6Q
mutants abrogated P14,5P, interaction /n vivo, consistent with their loss of P14,5P, binding
in vitro (Fig. 3b). MDM2 interacted with wild-type p53, but not with mutant p53 (Fig. 6c) as
previously described*3 44, Notably, MDM2 binding to wild-type p53 was markedly
enhanced in the p53 6Q mutant (Fig 6c), suggesting that P14,5P, binding may promote wild-
type p53 stability by blocking MDMZ2 binding and subsequent p53 degradation. Consistent
with the prior reports of the HSP90-HSP70 chaperone complex regulating mutant p53
stability?4 44, the R175H mutant p53, but not the R248 mutant nor wild-type p53, associated
with HSP70. Moreover, the R175H/6Q mutant did not disrupt binding of HSP70 (Fig. 6c),
indicating that HSP70 is unlikely to contribute to the observed stabilization of mutant p53 by
P14,5P, binding.

In contrast, one of the components of the p53 complex identified by mass spectrometry
(Supplementary Fig. 6d), the small heat shock protein (SHSP) HSP27/HSPB1 interacted
with both wild-type and mutant p53 in the nuclear fraction (Fig. 6a), while its interaction
with the corresponding p53 6Q proteins was markedly reduced (Fig. 6¢). HSP27/HSPB1 is
one of the 10 human sHSP family members (HSPB1-10). These sHSPs form homo- or
hetero-oligomeric complexes and the binding of SHSP complexes enhances target protein
stability#®. Further, HSP27 is reported to control p53 signaling®® and translocate to the
nucleus upon stress*’.

Colocalization of HSP27 with nuclear p53 was examined by immunofluorescence. Upon
genotoxic stress, the HSP27 nuclear signal was increased (Supplementary Fig. 6e, 6f),
consistent with a previous report#’. Under these conditions, the colocalization of HSP27
with wild-type p53 was increased in the nuclear regions (Fig. 6d, 6e). Notably, the HSP27-
p53 PLA signal was dramatically increased by cisplatin treatment (Fig. 6f, 6g, and
Supplementary Fig. 6g, 6h).

Small heat shock proteins stabilize p53

We next explored the functional role of SHSPs in regulating p53 stability. Knockdown of
HSP27 or PIPKIa significantly attenuated wild-type p53 (Fig. 7a) and mutant p53 stability
(Fig. 7b). Moreover, silencing PIPKla or inhibiting PIPKIa with ISA-2011B significantly
reduced the genotoxic stress-induced interaction between wild-type p53 and HSP27 (Fig.
7¢). These data suggest that PIPKla-mediated P14,5P, interaction with p53 stabilizes p53 by
recruiting HSP27 to the complex.

To validate the functional role of HSP27 in P14,5P,-mediated p53 stabilization, we
expressed wild-type, R248Q mutant p53 and the 6Q counterparts in p53-null H1299 cells,
and the association with endogenous HSP27 was tested by immunofluorescence and PLA
(Fig. 7d, 7e, and Supplementary Fig. 7a, 7b). Genotoxic stress by cisplatin-induced wild-
type p53 association with HSP27, while R249Q mutant p53 constitutively associated with
HSP27 and the association was only modestly enhanced by genotoxic stress. Importantly,
HSP27 association with WT/6Q and R248Q/6Q was dramatically reduced compared to
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wild-type and R248Q p53. These data support that the nuclear P14,5P, binding to p53
promotes the subsequent association of HSP27, and HSP27 binding is critical for both wild-
type and mutant p53 stability (Fig. 7a, 7b).

In parallel studies, a yeast-2 hybrid screen identified a homolog of HSP27, the SHSP a.B-
Crystallin/HSPBS5, as a putative PIPKla-binding protein. aB-Crystallin was reported to
interact with wild-type p53 and translocate to the nucleus in response to genotoxic

stress*’: 48, Both recombinant HSP27 and a.B-Crystallin directly bound to PIPKla
(Supplementary Fig. 7c, 7d), validating the yeast 2-hybrid results. By immunoblotting, we
could not detect aB-Crystallin expression in MCF7, A549, PC3, and H1299 cells. In clinical
breast carcinomas, aB-Crystallin is predominantly expressed in aggressive (ER/PR/HER?2)-
triple-negative breast tumors*® and its expression correlates with mutant p53 protein
stabilization®°. Knockdown of aB-Crystallin or PIPKla in cancer cells reduced stress-
induced wild-type (Supplementary Fig. 7e, 7f) and mutant p53 levels (Supplementary Fig.
79). Additionally, mutant p53 and PIPKla coimmunoprecipitated with aB-Crystallin, and
knockdown of PIPKIa reduced the p53-a.B-Crystallin interaction (Supplementary Fig. 7h—
7j). Collectively, these findings indicate that SHSPs including aB-Crystallin and HSP27 play
an important functional role in stabilizing p53 by a PIPKIa-dependent mechanism.

To further explore the potential functional relationship between PIPKIa and sHSPs in
stabilizing p53, the PIPKIa and HSP27 binding regions on p53 were mapped using a series
of p53 truncation mutants (Fig. 7f). Deletion of the tetramerization domain (TD) and the C-
terminal regulatory domain (CTD) of p53 eliminated the interaction with PIPKla (Fig. 79),
indicating that PIPKla. binds to p53 via the TD and CTD regions. The HSP27 binding
region was within the proline-rich domain (PRD) and the DNA-binding domain (DBD) of
p53 that are distinct from the PIPKIla and P14,5P, binding regions (Fig. 3b, 7f, 7g, and
Supplementary Fig. 3a, 3b). These data indicate that PIPKla and P14,5P5 bind to similar
regions in the C-terminus of p53, while HSP27 binds to the PRD and DBD of p53.

Dual regulation of small heat shock protein recruitment to the p53 complex by PIPKla and

PI4,5P,

To directly evaluate the effects of P14,5P, on the p53-sHSP interaction, binding studies with
recombinant proteins were performed. P14,5P, enhanced HSP27 and aB-Crystallin binding
to wild-type p53, while sSHSP binding was markedly diminished in the p53 6Q mutant even
in the presence of P14,5P, (Fig. 8a, 8b). Phosphoinositides other than P14,5P, tested had
little or no effect on the p53-sHSP interaction (Fig. 8c, 8d, and Supplementary Fig. 8a),
consistent with the specific interaction of p53 with P14,5P, (Fig. 3 and Supplementary Fig.
3). The mutated five lysine residues (Supplementary Fig. 3a) in the 6Q mutants are also sites
for post-translational modification including ubiquitination, acetylation, and methylation in
p538. These modifications are reported to regulate nuclear localization, stability, and activity
of p53. To distinguish between these potential contributions of the modifications on p53
stability, a p53 R379Q mutant was utilized because no modifications on the R379 residue
have been reported®. The R379Q mutant significantly reduced P14,5P, association in vivo,
although to a lesser extent than the 6Q mutant (Supplementary Fig. 8b). When stably
expressed in p53-null PC3 cells, the protein levels of mutant p53 were reduced by the
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R379Q mutation (Supplementary Fig. 8c). The R379Q mutant exhibited reduced interaction
with endogenous HSP27 /n vivo (Supplementary Fig. 8d) and diminished interaction with
purified HSP27 and a.B-Crystallin /n vitro (Fig. 8a, 8b).

PIPKIa directly interacted with both p53 and the sHSPs (Fig. 2c, 7f, 7g, and Supplementary
Fig. 7c, 7d). This suggests that PIPKIla regulates the association between sHSPs and p53 by
first binding independently to p53 and sHSPs and then promoting the P14,5P,-dependent
interaction between p53 and sHSPs. To explore this possibility, recombinant SHSPs where
added to wild-type p53 protein with increasing amounts of PIPKIa protein in the absence or
presence of P14,5P, (Fig. 8e, 8f). In the absence of P14,5P5, sHSPs bound weakly to wild-
type p53, but in the presence of P14,5P; the binding of SHSPs to p53 was markedly
enhanced, while PIPKIa binding to p53 was virtually abolished. These data support a model
whereby the stability of p53 is regulated by nuclear PIPKla and its product P14,5P5; nuclear
PIPKIa binds to both p53 and sHSPs, and its product P14,5P, subsequently binds to the p53
CTD, promoting the p53-sHSP interaction and releasing PIPKIla from the complex (Fig.

80).

Discussion

We have discovered a signaling pathway in which the lipid kinase PIPKla and its P14,5P,
product regulate the stability of stress-induced wild-type and mutant p53 in the nucleus by a
step-wise mechanism that confers exquisite temporal and spatial specificity (Fig. 8g). In this
pathway, PIPKla binds directly to both wild-type and mutant p53 as well as the SHSP
chaperones aB-Crystallin and HSP27. The binding of PIPKIa to wild-type p53 is dependent
on genotoxic and oxidative stress, while PIPKIa interacts constitutively with mutant p53.
These results are consistent with observations suggesting that mutant p53 is constitutively
activated in cancer cell lines, perhaps by stress pathways that are intrinsic to cancer cells®?.
The interaction of PIPKIa with p53 results in the generation of P14,5P, that binds to p53 in
its CTD, a domain previously implicated in regulating p53 stability8: 9 11. 21 The bound
P14,5P, stimulates the recruitment of SHSPs that stabilize both stress-induced wild-type and
mutant p53. Additionally, P14,5P, stimulates the dissociation of PIPKla from the p53-sHSP
complex, enabling the dissociated PIPKla to initiate assembly of new PIPKla-P14,5P,-p53-
sHSP complexes. This model suggests a catalytic cycling mechanism of PIPKIa in p53
stabilization (Fig. 89).

It has been well-documented that the stability of stress-induced wild-type p53 is controlled
by a set of E3 ubiquitin ligases including MDM2, MDMX, and CHIP8: 2, We observed that
MDM?2 interacted with wild-type p53 in the cytoplasm consistent with a report
demonstrating that MDM2 is predominantly localized in the cytoplasm where it targets wild-
type p53 for ubiquitin-mediated proteasomal degradation®2. Moreover, genotoxic stress
stimulated the interaction between PIPKla and wild-type p53 in the nucleus, while
displacing MDM2 from this complex. In contrast, the stability of mutant p53 is reported to
be regulated by the HSP90 chaperone complex?* 44, As we and others#2 43 report, mutant
p53 is largely localized in the nucleus, whereas the HSP90 chaperone complex is primarily
found in the cytoplasm®3. Additionally, we observed that HSP70 bound a subset of mutant
p53 proteins and its interaction with mutant p53 was not altered by the 6Q CTD mutation
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that disrupted P14,5P, binding (Fig. 6¢), distinguishing it from the SHSPs. These results
suggest that the stability of nuclear p53 cannot be fully explained by the canonical MDM?2
and HSP90 pathways. The discovery that nuclear p53 stability is regulated by a novel
PIPKla-p53-P14,5P,-sHSP protein-lipid complex adds a new stratum of regulation for
nuclear p53.

Based on our data and the existing literature, we hypothesize that the interaction between
P14,5P, and the CTD of p53 induces a conformational change and this gives the SHSPs
access to the DBD for binding (Fig. 7f, 7g). In turn, the association of SHSPs with p53
blocks the interaction of p53 with its degradation machinery including MDM2. Consistent
with this model, the P14,5P,-binding defective mutant 6Q interacts with MDM2 more
robustly than wild-type p53 (Fig. 6¢). The CTD of p53 is a natively unstructured region and
it is well-established that post-translational modifications in the CTD affect functions in
other domains including the DBD8: 4 55, Not only mutant p53 but also wild-type p53 have
an intrinsic proclivity to form homo- and hetero-aggregates and the DBD is responsible for
self aggregation“2: 56. 57, sHSPs do not have ATPase activity, but under stress conditions
sHSPs form large oligomeric complexes that bind to unfolded clients®8. This chaperone-like
activity of SHSPs protects client proteins from aggregation and degradation*’: 58-60 and may
also support specific functions. Importantly, aB-Crystallin directly binds to the DBD of
p5348 and HSP27 also associated with p53 via the DBD (Fig. 7f, 7g). Furthermore, SHSPs
including aB-Crystallin and HSP27 translocate to the nucleus upon stress*”- 59, consistent
with our data (Fig. 6d, 6e). Indeed, sHSPs have been reported to be present in nuclear
speckles®® consistent with our results that p53 and P14,5P, colocalize with the nuclear
speckle marker SC-35 (Supplementary Fig. 4e). Also, HSP27 targets to yH2A.X-positive
DNA damage sites and has been previously implicated in DNA double-stranded break
repairb2 consistent with our results localizing PIPKla, P14,5P and p53 to DNA damage
sites (Fig. 4c—4e, and Supplementary Fig. 5a-5f). Collectively, these findings point to a
model whereby sHSPs may stabilize nuclear p53 by preventing protein aggregation and
inhibiting recruitment of components of the p53-degradation machinery. In addition, the
sHSPs and P14,5P, may facilitate assembly of functional p53 complexes that control both
wild-type and mutant p53 functions.

This nuclear P14,5P, pathway for controlling p53 stability has significant implications for
cancer. Although PIPKIa, mutant p53, and SHSPs have independently been implicated in
tumor progressiont? 15. 58,60 qur results indicate that these proteins form a carefully
orchestrated molecular complex that may contribute to these effects. Intriguingly, p53
mutation was recently reported to lead to an increase in phosphoinositides®? that are favored
substrates for PIPK1a.84. This observation suggests a positive feedback regulation of the
PIPKla-mutant p53 axis in cancer: mutant p53 promotes P14,5P, generation by PIPKla by
increasing substrate availability, and PIPKla stabilizes mutant p53 levels to promote tumor
progression and chemoresistance. Moreover, aB-Crystallin expression correlates with p53
protein stabilization in clinically aggressive triple-negative breast cancers®® and the PIPKIa
gene is commonly amplified in breast cancer®®, suggesting that this complex may contribute
to the pathogenesis of these and perhaps other cancers. Given the critical role of mutant p53
stability in its oncogenic activityll 12 24 our results point to PIPKla and the PIPKla-p53-
P14,5P,-sHSP complex as therapeutic targets for cancer.
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Figure 1. PI4,5P generation by PIPKIa isreguired for stress-induced and mutant p53 stability.
(A) Nuclear PIPKs were knocked out with CRISPR-Cas9 system in MDA-MB-231 cells.

Expression of the indicated proteins was analyzed by immunoblotting (IB). Intensity of

immunoblots was quantified and the graph is shown as mean £ SD n=3 independent

experiments. One-sided paired Student #tests were used for statistical analysis (*, p<0.05;

** p<0.01).

(B) RT-PCR analysis of 7P53mRNA. TP53 mRNA levels were normalized to GAPDH
mRNA. The graph is shown as mean + SD of n=4 independent experiments.

(C) The indicated cells were treated with 50 uM ISA-2011B (ISA) for 72 h. Protein

expression was analyzed by IB, the intensity of p53 and actin bands was quantified, and the
graph is shown as mean + SD of n=3 independent experiments. An equivalent concentration
of DMSO was used as a vehicle (Veh) control. One-sided paired Student #tests were used

for statistical analysis.
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(D) MCF7 cells were transfected with the indicated sSiRNAs and DNA constructs. After 48 h
transfection, cells were treated with 30 uM cisplatin (Cispt) for an additional 24 h.
Expression of the indicated proteins was analyzed by 1B, p53 immunoblots were quantified
and the graph is shown as mean = SD of n=3 independent experiments. WT, wild-type; KD,
kinase-dead mutant; 3’UTR, 3 untranslated region. One-sided paired Student #tests were
used for statistical analysis.

(E) Indicated cells expressing wild-type p53 were treated with 30 UM cisplatin and 50 uM of
ISA-2011B for 24 h. Protein expression was analyzed by IB. p53 blots were quantified and
the graph is shown as mean £ SD of n=3 independent experiments. One-sided paired Student
Ettests were used for statistical analysis.
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Figure 2. PIPKla associates with p53 in the nucleus.
(A) Endogenous PIPKla was immunoprecipitated (IP’ed) from the indicated breast cancer

cells and the associated proteins were analyzed by IB. Normal immunoglobulin (IgG) was
used as a negative control. Representative data of n=3 independent experiments were shown.
(B) A549 cells were treated with 100 uM tBHQ, 100 uM etoposide, or a vehicle control
(DMSO) for 24 h. Endogenous PIPKIa was IP’ed and the associated proteins were analyzed
by IB. Representative data of n=3 independent experiments were shown.

(C) 1.0 pg recombinant GST-p53 immobilized on glutathione beads was incubated with the
indicated amount of His-PIPKla /n vitro. The complex was pulled down and p53-bound
PIPKla was analyzed by IB with an anti-His antibody. The graph is shown as mean + SD of
n=3 independent experiments.
(D and E) A549 cells were treated with 30 uM cisplatin for 24 h before processed for
immunofluorescence (IF) staining against PIPKIa and p53. DAPI was used to stain nucleic
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acids. The images were taken with a Leica SP8 confocal microscope and processed by
ImageJ. White arrows indicate the colocalized signals. The experiments were repeated three
times and the graph is shown as mean + SD of n=10 cells. Scale bar, 5 pm.

(F and G) A549 cells were treated with 30 uM cisplatin for 24 h before processed for
proximity ligation assay (PLA) between PIPKla and p53. DAPI was used to stain nucleic
acids. The images were taken with a Leica SP8 confocal microscope. The red PLA signal
was quantified by LAS X (Leica) and the graph is shown as mean £ SD of n=10 cells. Scale
bar, 5 um. The experiments were repeated at least 3 times. Two-sided paired Student £tests
were used for statistical analysis (*, p<0.05; **, p<0.01).
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Figure 3. P14,5P, specifically bindsto p53 and the P14,5P»-associated p53 localizesin subnuclear
compartments.
(A) 0.5 uM GST-p53 was incubated with 5.0 uM liposomes containing the indicated

phosphoinositides. Liposomes were sedimented and the associated p53 was analyzed by 1B
with an anti-GST antibody. The GST immunoblot intensity was quantified and the graph is
shown as mean + SD of n=3 indent experiments.

(B) The indicated GST-tagged 0.5 UM recombinant proteins were incubated with 5.0 uM
liposomes containing Pl or P14,5P,. Liposomes were sedimented and the associated proteins
were analyzed by IB with an anti-GST antibody (Supplementary Fig. 3b). The GST
immunoblot intensity was quantified and the graph is shown as mean = SD of n=3
independent experiments.

(C) The indicated Flag-tagged transcription factors were transiently transfected in H1299
cells for 48 h. Proteins were IP’ed with an anti-Flag gel and eluted with a Flag peptide.
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Protein complexes were analyzed by 1B with an anti-P14,5P, KT10 antibody. Representative
data of n=3 independent experiments were shown.

(D and E) A549 cells were treated with 30 uM cisplatin for 24 h before processed for IF
staining against P14,5P, and p53. An anti-P14,5P, antibody (Echelon Biosciences) was used
for the immunostaining study. DAPI was used to stain nucleic acids. The images were taken
with a Leica SP8 confocal microscope and processed by ImageJ. White arrows indicate the
colocalized signals. The experiments were repeated 3 times and the graph is shown as mean
+ SD of n=10 cells. Scale bar, 5 pm.

(F and G) MDA-MB-231 cells with wild-type PIPKla or CRISPR-Cas9 knockout (KO) of
PIPKIa (two independent clones) were treated with 30 uM cisplatin for 24 h before
processed for PLA between P14,5P, and p53. DAPI was used to stain nucleic acids. The
images were taken with a Leica SP8 confocal microscope. The red PLA signal was
quantified by LAS X (Leica) and the graph is shown as mean £ SD of n=10 cells. Scale bar,
5 um. The experiments were repeated at least 3 times. Two-sided paired Student #tests were
used for statistical analysis (*, p<0.05; **, p<0.01).
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Figure 4. P14,5P>-bound p53 localizesin subnuclear compartmentsdistinct from the nuclear
membrane.
(A and C) A549 cells were treated with 30 uM cisplatin for 24 h before processed for IF

staining of the indicated molecules. An anti-phosphatidylserine (PS) antibody was used to
stain the nuclear membrane56. An anti-gH2A.X antibody5” was used as a marker for DNA
damage. DNA stain DAPI was used to stain nucleic acids. The images were taken with a
Leica SP8 confocal microscope. Scale bar, 5 pm. The experiments were repeated 3 times.
(B) A549 cells were treated with 30 uM cisplatin for 24 h before processed for PLA between
P14,5P, and p53. DAPI was used to stain nucleic acids. The images were taken by Leica SP8
confocal microscope. Scale bar, 5 um. The experiments were repeated 3 times.

(D and E) A549 cells were transfected with the indicated siRNAs for 48 and then treated
with 30 pM cisplatin for 24 h before processed for IF staining of the indicated molecules.
The images were taken with a Leica SP8 confocal microscope. Scale bar, 5 pm. The
experiments were repeated 3 times.
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Figure 5. PI4,5P> binding controls the stability of stress-induced wild-type p53 and mutant p53.
(A) The indicated p53 constructs were stably expressed in p53-null PC3 prostate cancer

cells. Expression of the indicated proteins was analyzed by IB. Empty vector (Mock) was
used as a negative control. The intensity of immunoblots was quantified and the graph is
shown as mean + SD of n=3 independent experiments. Two-sided paired Student £tests were

used for statistical analysis (*, £<0.05; **, p<0.01).

(B) RT-PCR analysis of 7P53mRNA. TP53 mRNA levels were normalized to GAPDH
mRNA. The graph is shown as mean + SD of n=3 independent experiments.
(C) A549 cells were transiently transfected with the indicated INPP5E constructs for 60 h.
Cells were treated with 30 pM cisplatin for 12 h. Expression of the indicated molecules was
analyzed by IB. The intensity of immunoblots was quantified and the graph is shown as
mean + SD of n=3 independent experiments. Two-sided paired Student #tests were used for

statistical analysis (*, p<0.05; **, p<0.01).
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(D) The indicated GFP-tagged FYVE or PH domain constructs were transiently transtected
in A549 cells for 60 h. Cells were treated with 30 uM cisplatin for 12 h. Expression of the
indicated molecules was analyzed by IB. The intensity of immunoblots was quantified and
the graph is shown as mean + SD of n=3 independent experiments. Two-sided paired
Student #tests were used for statistical analysis (*, p<0.05; **, p<0.01).

(E and F) The indicated p53 constructs were transiently transfected in p53-null H1299 cells
for 24 h. Cells were fixed and analyzed by immunofluorescence for p53. DAPI was used to
stain nucleic acids. Four different distribution patterns of p53 expression were observed as
categorized. At least 100 cells were counted for each condition and the graph is shown as
mean + SD of n=3 independent experiments. Two-sided paired Student #tests were used for
statistical analysis (*, £<0.05; **, p<0.01).
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Figure 6. The sHSP HSP27 associates with nuclear p53.
(A and B) A549 and Hs578T cells were treated with with 30 pM cisplatin for 24 h. Cells

were fractionated into cytosolic and nuclear compartments using NE-PER™ reagent
(Thermo Fisher Scientific). Endogenous p53 was IP’ed from equal amount of cytosolic and
nuclear lysates and eluted with 0.2 M glycine (pH 2.5). The p53 associated complexes were
analyzed by IB with the indicated antibodies (A). Expression of the indicated proteins was
analyzed by IB with indicated antibodies (B). The quality of fractionation was validated by a
cytosolic marker MEK1/2 and a nuclear marker Lamin A/C (B). Cy, cytosolic fraction; Nu,
nuclear fraction. Representative data of n=3 independent experiments were shown.

(C) p53-null H1299 cells were transiently transfected with the indicated Flag-p53 constructs
for 24 h. Flag-p53 proteins were immunoprecipitated with an anti-Flag antibody and eluted
with Flag peptide. Associated molecules were analyzed by IB with the indicated antibodies.
Representative data of n=3 independent experiments were shown.
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(D and E) A549 cells were treated with 30 uM cisplatin for 24 h before processed for IF
staining against HSP27 and p53. DAPI was used to stain nucleic acids. The images were
taken with a Leica SP8 confocal microscope and processed by ImageJ. White arrows
indicate the colocalized signals. The experiments were repeated three times and the graph is
shown as mean + SD of n=10 cells. Scale bar, 5 um.

(F and G) A549 cells were treated with 30 uM cisplatin for 24 h before processed for PLA
between HSP27 and p53. DAPI was used to stain nucleic acids. The images were taken by
with a Leica SP8 confocal microscope. The red PLA signal was quantified by LAS X
(Leica) and the graph is shown as mean + SD of n=10 cells. Scale bar, 5 um. The
experiments were repeated 3 times. Two-sided paired Student ~tests were used for statistical
analysis (*, p<0.05; **, p<0.01).
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Figure 7. P14,5P> binding to p53 promotesitsinteraction with small heat shock proteinsin vivo.

(A) The indicated proteins were transiently knocked down with siRNAs for 48 h in A549

cells. Cells were treated with 30 uM cisplatin for 24 h and protein expression was analyzed
by IB. The graph is shown as mean + SD of n=3 independent experiments. Two-sided paired

Student £tests were used for statistical analysis (*, p<0.05; **, p<0.01).
(B) MDA-MB-231 cells were transfected with the indicated siRNAs for 48 h and then

treated with 30 uM cisplatin for 24 h. Protein expression was analyzed by IB. The graph is

shown as mean = SD of n=3 independent experiments.

(C) A549 cells were transfected with PIPKIa siRNAs for 48 h and then treated with 30 uM
cisplatin and 50 pM 1SA-2011B for 24 h. Endogenous HSP27 was immunoprecipitated, the

associated p53 was analyzed by IB, and the graph is shown as mean + SD of n=3
independent experiments.
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(D and E) p53-null H1299 cells were transiently transfected with the indicated p53
constructs for 24 and then treated with 30 uM cisplatin for 24 h. Cells were fixed and
processed for PLA between exogenous p53 and endogenous HSP27. DAPI was used to stain
nucleic acids. The red PLA signal was quantified by LAS X (Leica) and the graph is shown
as mean + SD of n=10 cells. Scale bar, 5 um. The experiments were repeated 3 times. Two-
sided paired Student £tests were used for statistical analysis (*, p<0.05; **, p<0.01).

(F) A schematic representation of p53 truncation mutants used in the study.

(G) p53-null H1299 cells were transiently overexpressed with Flag-tagged p53 truncation
mutants for 48 h. p53 proteins were IP’ed with an anti-Flag gel and the associated
endogenous PIPKla and HSP27 were detected by IB. The experiments were repeated three
times.

Nat Cell Biol. Author manuscript; available in PMC 2020 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Choi et al.

Page 28
a HSP27 b His-oB-Crystallin
Pulldown: GST Pulldown: GST
GSTRS3 _ wr R379Q GSTS3_wr _ 6Q Rs79Q

Pl4,5P, _‘“ Pase, - - -

M. (K)
HSP27 III 25 aB-Crystallin

M; (K)
- - - 25

8 _ pee73X10% p=3.17X10*
2 p=1.15X10% 4 =2.03X10°S
26 s
= £,3
84 28
5 §h’
& 2 291t
o 3
0 0
Cc HSP27 d
Pulldown: GST His-aB-Crystallin
Natural Synthetic Natural Pulldown: GST
Q” RS QY
QUKL QY R
L2 RQoTodp ok R 19 O Vo
QR QRIROLELIGPN QYR PR e (<)
M) oB-Crystallin I:] 2
HSP27
-25
GST-p53 (WT) ‘ - - i
e HSP27 f His-aB-Crystallin
Pulldown: GST Pulldown: GST
PSP i # Pl4sP, -t
His-PIPKla. - ‘ - ‘ RREERE ‘ - ‘
M, (K) M; (K)
HSP27 aB-Crystallin *pzs
-25 .
His-PIPKlo | g = |70 His-PIPKla ' 70
GST-p53 WT) [REE R T & 0 GST-p53 (WT) B 88|
g @ Stabilized
\( e wt & mutant
53

Lo @

Figure 8. PI4,5P, binding to p53 controls small heat shock protein binding to p53in vitro.
(A and B) Recombinant 0.1 pM GST-p53 and 0.5 pM untagged HSP27 or His-aB-Crystallin

were incubated with 0, 1, or 10 uM P14,5P,. GST-p53 proteins were pulled down and the
associated HSP27 or His-aB-Crystallin was analyzed with an anti-HSP27 or an anti-aB-
Crystallin antibody. The graph is shown as mean + SD of n=3 independent experiments.

Two-sided paired Student #tests were used for statistical an

alysis (*, p<0.05; **, p<0.01).

(C) 0.1 uM GST-p53 and 0.5 uM untagged HSP27 were incubated with 2.0 uM liposomes

containing the indicated phosphoinositides. GST-p53 was p

ulled down and the associated

HSP27 was analyzed by IB. Representative data of n=3 independent experiments were

shown.

(D) 0.1 uM GST-p53 and 0.5 uM His-aB-Crystallin were incubated with 1 uM PI, PI4P, or
P14,5P,. GST-p53 was pulled down and the associated His-aB-Crystallin was analyzed by
IB. Representative data of n=3 independent experiments were shown.
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(E and F) 0.1 uM GST-p53, 0.5 uM untagged HSP27 or His-aB-Crystallin and 0, 0.01 and
0.1 uM His-PIPKIla were incubated with 1 pM P14,5P,. GST-p53 was pulled down and the
associated HSP27 or His-a.B-Crystallin and His-PIPKIla was analyzed by IB. Representative
data of n=3 independent experiments were shown.

(G) A schematic model of how p53 stability is regulated by PIPKla, P14,5P, and small heat
shock proteins (SHSPs).
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