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Wright KD, Staruschenko A, Sorokin A. Role of adaptor protein p66Shc in
renal pathologies. Am J Physiol Renal Physiol 314: F143-F153, 2018. First
published October 4, 2017; doi:10.1152/ajprenal.00414.2017.—p66Shc is one of
the three adaptor proteins encoded by the Shcl gene, which are expressed in many
organs, including the kidney. Recent studies shed new light on several key
questions concerning the signaling mechanisms mediated by p66Shc. The central
goal of this review article is to summarize recent findings on p66Shc and the role
it plays in kidney physiology and pathology. This article provides a review of the
various mechanisms whereby p66Shc has been shown to function within the kidney
through a wide range of actions. The mitochondrial and cytoplasmic signaling of
p66Shce, as it relates to production of reactive oxygen species (ROS) and renal

pathologies, is further discussed.
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INTRODUCTION

Renal pathologies, including chronic kidney disease (CKD)
and acute kidney injury (AKI), are a continuing health concern
both in the US and worldwide. According to the National
Institute of Diabetes and Digestive and Kidney Diseases,
upwards of 14% of the US population suffers from some form
of CKD, with diabetes and hypertension being the major
causes (72). Approximately half of US patients with CKD are
reported to have diabetes and/or cardiovascular disease (CVD)
(72). It is of note that each year more patients die from kidney
disease than either prostate cancer or breast cancer (72). Thus,
understanding not only the causes of kidney disease but also
the mechanisms by which kidney damage occurs is critical
for development of therapeutic treatments and potential
cures. In this review, we will focus on the Src homology 2
(SH2) domain-containing adaptor protein p66Shc and recent
findings of its role in several forms of kidney disease and
renal injury. Oxidative stress is a principal player in renal
pathologies, and since p66Shc is generally considered to
serve as a regulator of sensitivity to oxidative stress (112),
p66Shc signaling appears to be relevant for progression of
multiple kidney diseases.

She PROTEINS

The Shc family of adaptor proteins in mammals includes
four members named ShcA (also termed Shcl, Shc adaptor
protein 1), ShcB, ShcC, and SheD, which share the sequential
arrangement of NH-terminal phosphotyrosine domain (PTB),
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followed by COOH-terminal SH2 domain (30). Whereas ShcB,
SheC, and SheD proteins are expressed predominately in cells
of the nervous system and function in neural development,
Shel isoforms (products of Shcl gene) are expressed in a wide
variety of tissues, including renal cells (77). The isoforms
p66Shc, p52Shc, and p46Shc are named to match their
mobility in SDS-PAGE analysis: 66, 52, and 46 kDa. Iso-
form p66Shc is the largest of three protein isoforms derived
from the Shcl gene (584 vs. 474 amino acids of p52Shc and
429 amino acids of p46Shc in humans). Isoforms p52Shc
and p46Shc arise from the utilization of alternative mRNA
transcript and additional ATG start codons within the Shcl
gene (Fig. 1) (57, 65, 107). All three Shc isoforms include
identical PTB, collagen-homologous (CH) domain-termed
CHI1, and SH2 domain, whereas only the p66Shc isoform
contains a unique second NH,-terminal CH domain-termed
CH2 (Fig. 1) (65). Adaptor properties of Shc proteins are
due to their capabilities, through PTB and SH2 domains, to
bind phosphorylated tyrosine residues within activated
growth factor receptors and intracellular dock proteins (104,
106).

She proteins were initially identified as adaptor proteins
associated with action of growth factors and mitogenic
signaling, such as Src kinases, members of EGF receptor
family, and adaptor protein Grb2 (78, 105, 106), and their
link to Ras activation has been the subject of a number of
reviews (12, 27, 61). It was in 1997, when Migliaccio et al.
(65) described the opposing function of the Shc isoform
p66Shc that the mitogenic signaling function of Shc became
assigned mostly to the p52Shc isoform, whereas p66Shc
started to be recognized for its unique functions in mito-
chondrial oxidative stress response and changes in lifespan
(62, 64, 71, 79, 88).
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Fig. 1. Structure of Shcl locus, 2 alternative transcripts, and 3 Shc isoforms, with location, regulated proteins, and assigned function indicated. The Shc! gene
locus consists of 13 exons (white and gray boxes) located on chromosome 1 in humans. Gray boxes indicate coding exons, whereas white boxes represent
noncoding regions. The p66Shc, p52She, and p46Shc ATG start sites are indicated in exon 2. Use of alternative promoters drives the expression of 2 RNA
transcripts, termed the p66/52/46Shc transcript and the p52/46Shc transcript. The p66/52/46Shc transcript contains all 3 ATG start codons for the 3 respective
Shc proteins, whereas the p52/46 Shc transcript contains only the ATG start codons for the p52Shc and p46Shc transcripts. Translations of these 2 RNA
transcripts yield 3 proteins: p66Shc, p52Shc, and p46Shc. All 3 proteins contain PTB (phosphotyrosine binding), CH1 (collagen homologous region 1), and SH2
(Src homology domain 2), whereas p66Shc contains an additional CH2 (collagen homologous region 2) domain. Relevant serine (red circles; S), lysine (green
circle; K), and tyrosine (yellow circles; Y) are indicated. Listed with the protein isoforms are known cellular localizations: regulated proteins and assigned cellular

functions.

POSTTRANSLATIONAL MODIFICATIONS OF p66Shc

Crucial for its protein-protein interactions, Shc proteins are
phosphorylated on several tyrosine residues in the CHI domain
(diagramed in Fig. 1) (105). Within the CH2 domain unique to
p66Shc, the serine residue 36 (Ser*®) is phosphorylated, and
this regulatory event appears to be critical for p66Shc-specific
functions (4, 5, 18, 21, 46, 51, 64, 99). Ser*° phosphorylation
has been shown to be imperative for translocation to mitochon-
dria, where p66Shc interacts with cytochrome ¢ (Cyt C),
driving increased production of reactive oxygen species (ROS)
(35, 73), as reviewed in Refs. 15, 22, 42, and 114. Serine
phosphorylation of p66Shc also results in p66Shc association,
with cytosolic proteins containing the serine-binding motif,
such as adaptor protein 14-3-3 (31).

Most recently, PKC isoform of the protein kinase C (PKC)
has been shown to regulate p66Shc function in human embry-
onic kidney (HEK)-293 and primary mouse embryonic fibro-
blast (MEF) cultures as well as in mouse intestine, liver, lung,
and heart tissues under both intestinal ischemia-reperfusion
(I/R) and high-dose alcohol conditions (40, 108-110). In
mouse tissues, inhibition of PKCf activity with pharmaceuti-
cal inhibitor LY-333531 significantly attenuates p66Shc Ser®

phosphorylation (108, 109). In human fibroblasts, inhibition of
PKC with hispidin results in decreased Ser>® phosphorylation
and decreased ROS production (110). Surprisingly, Haller et
al. (40) were unable to confirm the role of Ser*® phosphorlya-
tion in regulating mitochondrial ROS production in HEK-293
and primary MEF cells but indicated that phosphorylation of
other sites within the PTB domain, Ser?'?, and Ser'3° was
required for mitochondrial ROS production. The differences
observed in Haller et al. (40) may reflect tissue or species-
specific regulation of p66Shc or could reflect the complexities
of observing phosphorylated p66Shc in fully differentiated cell
types (108 —110). And although the exact mechanism of PKC[
regulation of p66Shc is questionable, the overall impact of
PKCp signaling on p66Shc can be appreciated.

The formation of signaling complex, including guanine
exchange factor BPix, ERK1/2, transcription factor FOXO3a,
and p66Shc, provides additional mechanistic insight into the
network of signaling pathways mediated by p66Shc in the
cytoplasm (18). BPix, a molecule possessing both scaffold-
ing and enzymatic properties, facilitates Ser*® phosphoryla-
tion of p66Shc in this complex by means of ERKI1/2
recruitment (98).
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Other posttranslational modifications of p66Shc are also
beginning to be explored. In aortic endothelial tissue, p66Shc
expression is upregulated and is responsible for increased ROS
production and endothelial dysfunction in streptozotocin
(STZ)-induced diabetic mice (49, 52). In these studies, p66Shc
mitochondrial-mediated ROS production and Ser*® phosphor-
ylation were dependent on acetylation on lysine 81 (Lys®!)
(49). The NAD(+)-dependent histone deacetylase SIRT1 is
capable of deacetylating Lys8! and attenuating p66Shc-depen-
dent ROS production, thus providing further evidence of post-
translational modifications other than Ser*® phosphorylation
(49) that are capable of regulating p66Shc function. These data
indicate that regulation of p66Shc function is more complex
than just Ser®® phosphorylation.

RENAL EXPRESSION OF p66Shc

As indicated in the Human Protein Atlas, Shcl isoforms are
highly expressed in 23 (out of 45 analyzed) organs, including
thyroid gland, bone marrow, tonsil, spleen, pancreas, rectum,
colon, and small intestine (103). A majority of other organs,
including kidney, is listed with a medium level of expression.
It must be considered that immunohistochemistry data, as a
rule, do not distinguish between the three Shc isoforms. It is
generally accepted that isoforms p52Shc and p46Shc are ubiq-
uitously expressed, whereas p66Shc expression is more re-
stricted, which is likely due to utilization of an alternative
promotor for p66Shc transcript expression (65, 107). Renal
expression of p66Shc has been reported to be higher in male
compared with female mouse kidney, presumably because of
upregulation of p66Shc by testosterone (92). This testosterone
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dependency could explain higher sensitivity of the male kidney
to AKI (92).

Increased p66Shc expression in a wide variety of cell types
within the diseased kidney is the prerequisite for involvement
in a number of renal functions and pathologies. Using antibod-
ies specific for p66Shc, expression can be observed in glomer-
ular cells, smooth muscle cells of renal vessels, and tubular
cells of hypertensive rats (see Fig. 2). In vitro cultures of
primary glomerular mesangial cells, podocytes, renal arteriole
smooth muscle cells, and proximal tubule cells all express
significant amounts of p66Shc (11, 18, 19, 31, 66). It should be
of note, however, that although under cell culture conditions
p66Shc is constitutively expressed in all of these cell types of
human, rat, and mouse origin (5, 11, 18, 31, 66), in in vivo
renal tissues from healthy organisms, p66Shc expression is
either low or undetectable by immunohistochemistry (11, 66,
99, 112). Western blot (WB) analysis of whole kidney lysates
revealed weak p66Shc expression and some p66Shc Ser®
phosphorylation in normal mouse tissues (21). However, spe-
cific cell type cannot be determined by WB in such prepara-
tion. It appears that multiple renal tissues and cells have the
potential to express p66Shc, but in vivo p66Shc expression, as
a rule, is significantly elevated only when some renal injury
takes place (4, 99).

Dahl salt-sensitive (SS) rats when fed a high-salt diet exhibit
many traits associated with human salt-sensitive hypertension
and are a regularly used model for the study of salt-sensitive
hypertension and accompanying cardiovascular disorders (17).
Expression of p66Shc in SS rats is increased in rats fed a 1%
salt diet in parallel with development of hypertension-induced

Fig. 2. p66Shc protein expression in salt-
sensitive (SS) rats on low- and high-salt
diet. p66 Shc protein expression in SS rats
on low- and high-salt diet. The level of
p66Shc expression (blue) in 15-wk-old
Dahl SS rats detected by immunohisto-
chemistry using anti-p66Shc antibody
(DaignoCure) was higher in rats fed 1% salt
diet (12 wk of diet) than in rats fed 0.4% salt
diet. p66Shc is expressed in renal vessels
(R), glomeruli (G), and some tubules (T). No
staining was seen in serum negative control
either at 0.4 or 1% salt diet (bottom). Scale
bars, 100 pwm.
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nephropathy when compared with rats maintained on low-salt
(0.4%) diet (66). The Shcl gene is located on chromosome 2 in
rats, and replacement of rat chromosome 2 of SS rats with a
corresponding chromosome from the salt-resistant Brown Nor-
way (BN) rats (hereafter referred to as SS/BN2) increased
survival rate and protected the animals from the development
of hypertension-induced renal injury when the rats were fed a
1% salt diet (66). Consomic SS/BN2 rats express little p66Shc
in the vascular smooth muscle cells (SMC) of the renal inter-
lobar arteries or afferent arterioles (as revealed by immunohis-
tochemistry). The presence of a number of single-nucleotide
polymorphisms (SNPs) in the Shc/ promoter region may ac-
count for the differential expression of p66Shc in SS and
SS/BN2 rats (66). Additionally, in humans with diabetic ne-
phropathy and in mice with experimentally induced diabetes,
p66Shc expression also is significantly increased in renal
proximal tubules in a response to the oxidative damage,
whereas it is almost undetectable in normal control tissues (99,
112). It appears that in vitro cultures of the various cell types
experience constant stress, which drives p66Shc expression up.
The constitutive in vitro expression of p66Shc allows for the
study of p66Shc functions under pathological conditions but
may hinder evaluation of p66Shc functions in normal, healthy
cells. To this end, the development of p66Shc knockout mice,
and more recently, p66Shc knockout rats, is invaluable, as
these models will allow for the examination of p66Shc in an in
vivo context in both healthy and disease states (64, 66, 101).

ANIMAL MODELS WITH MODIFIED Shcl GENE

In initially developed p66Shc-knockout mice, the depletion
of p66Shc increased the lifespan of laboratory mice by ~30%,
which was attributed to increased resistance to oxidative stress,
changes in mitochondrial biogenesis, and decreased apoptosis
(64, 70, 102). The role of p66Shc in oxidative stress has been
further confirmed in experiments utilizing in vitro cultures of
various renal cell types (4, 5, 11). Furthermore, it was found
that loss of p66Shc results in reduction of oxidative stress that
accompanies diabetic nephropathy and that there was an over-
all net protective effect (62).

Potentially confounding the role of p66Shc in longevity in
this initial p66Shc-knockout mouse strain, however, is the fact
that p46Shc expression is more than fourfold upregulated
compared with control mice, accompanied by a decrease in
pS52Shce expression (101). Furthermore, the second indepen-
dently generated line of p66Shc-knockout mice exhibited nor-
mal levels of p52Shc and p46Shc (101) but failed to display the
increased lifespan (90). The above-mentioned p66Shc-knock-
out mice, however, were susceptible to fatty diets, were fatter,
and their adipose was more insulin sensitive than controls,
suggesting that Shc locus regulates insulin signaling and adi-
posity in mammals (101). Interestingly, the increased lifespan
of the p66Shc-knockout mice, developed by Napoli et al. (70),
was observed under laboratory conditions. When the same
p66Shc-knockout mice (101) were tested in “natural” condi-
tions, p66Shc-knockout mice were naturally selected against
compared with wild-type cohorts (34).

Recently, we have reported the generation of p66Shc-knock-
out rats on the genetic background of Dahl SS (66). With the
use of zinc finger nuclease (ZFN) technology, deletions were
introduced into the Shc/ gene locus that was unique for
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p66She, resulting in predicted truncation and loss of p66Shc
protein. The deletions are upstream of the initiating codons for
p52Shc and p46Shc transcript, and we do not observe changes
in p52Shc and p46Shc isoforms (66). These rats do not have an
extended lifespan, as observed in the initial p66Shc-knockout
mice. There are data to suggest that loss of p66Shc in SS rats
does have a protective effect against increased oxidative
stresses, i.e., hypertension-induced renal injury (66). This
paired with the data from the second independently generated
p66Shc-knockout mice suggests that p66Shce is not a longevity
protein but suggests, rather, that the perturbations of p46Shc
and p52Shc expressions accompanied by loss of p66Shc result
in the increased lifespan. However, a lot can still be learned
about p66Shc and its role in sensing and potentiating oxidative
stress responses in cells.

Additionally, because it has been established that Ser®
phosphorylation is required for mitochondrial transport and
function in oxidative stress response (4), we generated a point
mutation in the Ser® residue, substituting alanine for serine,
termed S36A rats. To generate S36A rats, the template plasmid
encoding a Ser® Ala substitution (T > G transversion), was
coinjected in one cell embryo along with ZFNs targeting exon
2 of the Shcl gene in close proximity to the codon encoding
p66Shc Ser36. The utilization of both the total p66Shc knock-
out and the S36A-knockin rats should enable further studies to
characterize a role for p66Shc in the mitochondria and distin-
guish phenotypes associated with cytosolic p66Shc. Indeed, we
were able to establish a role of non-Ser*®-phosphorylated
p66Shc in the regulation of transient receptor potential canon-
ical (TRPC) channels in renal smooth muscle cells (SMC) (66).
Whether Ser?® phosphorylation-mediated interaction of
p66Shc with other signaling molecules in the cytoplasm (such
as adaptor protein 14-3-3) is important for cellular reactions to
stress signals remains to be determined. Nevertheless, it ap-
pears that there is a significant role for p66Shc in cytosol,
where it can form multiunit signaling complexes. Therefore,
ours as well as studies by others clearly indicate that p66Shc
action is not limited only to ROS production (18, 66, 111, 115).
Thus, rat strain expressing S36A p66Shc mutant can be helpful
in understanding mechanisms of cytosolic vs. mitochondrial
and oxidative vs. nonoxidative stress responses.

p66Shc AND OXIDATIVE STRESS AND APOPTOSIS

Because the role of p66Shc in the oxidative stress response
and apoptosis has been widely studied (10, 32, 59, 66, 88, 114),
it will be summarized only briefly here. Reactive oxygen
species (ROS) are highly reactive molecules because of the
presence of unpaired electrons. ROS are formed by partial
reduction in oxygen (91), and there are three major mecha-
nisms by which a cell increases intracellular ROS levels:
increased oxidase activity, decreased ROS scavenging, and
mitochondrial production from the electron transport chain (33,
85, 91, 114). Remarkably, p66Shc has the potential to play an
important role in all three mechanisms (Fig. 3). p66Shc is
capable of regulating the activity of the plasma membrane-
bound NADPH oxidase to generate ROS through Grb2-medi-
ated activation of Racl (33, 74, 100). Conversely, p66Shc
reduces ROS scavenging by downregulating the expression of
the scavengers MnSod and glutathione peroxidase through
interactions with BPix and FOXO3a. Under normal conditions,
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transcription factor FOXO3a is located in the nucleus driving
transcription of the scavengers. Under oxidative stress, p66Shc
forms a complex with BPix that is able to sequester FOXO3a
in the cytosol, attenuating expression of scavenger genes as
well as promoting proliferation (18, 33). The third mechanism
of ROS production, mitochondrial production of ROS from the
electron chain, is also influenced by p66Shc. Ser® phosphor-
ylation triggers a Pinl-mediated conformational change in
p66Shc and consequent translocation of p66Shc into the mito-
chondria (86). Presumably, Pinl activity on p66Shc induces a
conformational change of p66Shc by causing cis-trans isomer-
ization of p-Ser®® to Pro’” (86). This change allows p66Shc to
interact with TIM/TOM and SHP70 proteins of the mitochon-
dria (73). TIM/TOM proteins are mitochondrial membrane
proteins responsible for transporting proteins from the cytosol
into the mitochondrial matrix space. Once inside the mitochon-
dria, p66Shc can act as an oxidoreductase transferring elec-
trons from Cyt C to oxygen-producing ROS as reviewed in
Ref. 114.

p66Shc action as an oxidoreductase and subsequent reduc-
tion of oxygen and increased ROS production can trigger the
formation of a mitochondrial permeability pore, inducing
swelling of the mitochondria and resulting in a release of Cyt
C into the cytosol. Release of Cyt C is known to trigger
activation of caspases, which forces the cell down the apoptotic
pathway (35, 42).

p66Shc AND AGE-RELATED RENAL PATHOLOGIES

Aging is a complex process that all living organisms expe-
rience. As cells age, they accumulate damage and experience
increased oxidative stress, resulting in decreased function. It is
generally accepted that p66Shc protein serves as an oxidative
stress sensor (33, 88, 114). In aged cells, accumulation of
oxidative stress can activate p66Shc-dependent mitochondrial
apoptotic response (Fig. 3) (102). The kidneys are particularly
susceptible to aging (80—82). Tissues such as the proximal
tubules have large amounts of mitochondria and are sensitive
to oxidative injury (4), which may explain the sensitivity of the
kidney to oxidative damage that accumulates with age. p66Shc
plays significant role in signaling cascades mediated by vaso-
active peptide endothelin-1 (ET-1), whose actions are associ-
ated with renal age-related pathologies (96). Thus, renal mes-
angial cells release ET-1 in response to a variety of factors,
many of which are elevated in glomerular injury (97). ET-1
action leads to podocyte damage and induces tubular ER stress
and apoptosis (25), the pathologies associated with old age (7,
16, 97).

p66Shc AND HYPERTENSION-INDUCED NEPHROPATHY

Hypertension often results in development of renal pathol-
ogies, with hypertension being one of the leading contributors
of end-stage renal failure (13). The well-recognized contributor
to vascular dysfunction in hypertension is increased oxidative
stress (13, 67, 68). Increased vascular pressure increases ROS
production primarily through increased NAPDH oxidase ac-
tivity (48, 93). This increased ROS ultimately results in vas-
cular hypertrophy and dysfunction.

Within the kidney, renal vasculature plays a key role in
regulating blood flow and filtration through the glomerulus.
Renal afferent and efferent arterioles maintain a pressure gra-
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dient between the large renal vessels and renal capillaries. The
renal vasculature in the Dahl SS hypertensive rats has an
impaired ability to respond to increased blood pressure. This
increased pressure within the afferent arterioles is transmitted
to the capillaries and results in glomerular damage (14, 66). As
described above, we have reported that SS hypertensive rats
exhibit increased p66Shc expression in the renal medulla
compared with normotensive rats (66). Loss of p66Shc has
been shown to restore vascular responsiveness within the
afferent arterioles in response to high pressure and ATP,
whereas the S36A substitution does not have the same effect
(66). This is consistent with the potential role of p66Shc (and
S36A mutation) maintaining NAPDH oxidase activity at the
plasma membrane and continuing to produce damaging ROS
(33, 74). These data provide further evidence that p66Shc
functions outside the mitochondria to regulate oxidative stress.

Interestingly, a potentially non-ROS dependent function of
p66Shc was also uncovered in studies of hypertension-induced
nephropathy. Electrophysiological analysis of cultured renal
smooth muscle cells from the p66Shc-knockout rats showed
increased activation of TRPC channels and subsequent in-
creases in intracellular calcium import compared with wild-
type SMCs (66). Additionally, S36A mutant SMC exhibited
decreased TRPC channel activity, suggesting that cytosolic
retention of p66Shc functions as an inhibitor of TPRC channel
activity (66). Increased calcium import is required for smooth
muscle cell contraction. In wild-type smooth muscle cells,
before stimulation, p66Shc, localized in cytosol, inhibits TRPC
channel activity. Upon stimulation, translocation of p66Shc to
the mitochondria releases inhibition of TRPC channel activity.
Because hypertension stress causes upregulation of p66Shc
expression in the renal SMC, it is possible that the increased
p66Shc protein is further inhibiting TRPC channels, resulting
in lack of responsiveness observed in the afferent arterioles of
hypertensive rats (Fig. 3) (66). Autoregulatory control of pre-
glomerular resistance is an essential component of normal
renal hemodynamics and appropriate adjustments in this mech-
anism of control glomerular filtration pressure.

p66Shc AND DIABETIC NEPHROPATHY

Hyperglycemic conditions associated with diabetes have a
profound effect on the kidney, including changes in glomerular
mesangial cell functions resulting in increased matrix deposi-
tion, thickening of basement membrane, and expansion and
proliferation of the mesangial cells, termed glomerular sclero-
sis (84). TRPC channels were shown to be expressed in
mesangial cells (3638, 58, 94) and are known to be critical for
normal mesangial cell contractile function (28, 53) and prolif-
eration (44, 47, 89). High-glucose conditions associated with
hyperglycemia reduce TRPC6 channel expression in mesangial
cells (37) and increase its expression in podocytes (43). At the
same time, diabetic conditions are known to upregulate p66Shc
protein expression in tissues such as renal tubules and in
glomeruli (99, 112). Because it has been shown that p66Shc
expression negatively regulates TRPC channel activity in
SMC, it is likely that a similar mechanism exists in mesangial
cells. The decrease in TRPC channel expression and the
potential inhibition of TRPC channel activity by p66Shc most
likely accounts for the net decrease in mesangial cell contrac-
tion observed under hyperglycemic growth conditions (28).
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Fig. 3. Involvement of p66Shc in renal pa-
thologies. Schematic diagram of p66Shc
function and key regulated proteins involved
in indicated renal pathologies. Teal-colored
proteins indicate p66Shc interactions that are
not involved in the production of ROS,
whereas pink-colored proteins indicate inter-
actions that lead to the direct production of
reactive oxygen species (ROS) within the
cells. Non-Ser*°-phosphorylated p66Shc has
been shown to inhibit transient receptor po-
tential canonical (TRPC) channels as well as
regulate NAPDH oxidase activity in a Rac-1-
dependent manner. Ser*® phosphorylated
p66She is known to interact with HSP27 to
disrupt cytoskeleton in some cases of nephro-
toxicity as well as form a complex with 3-Pix
and Foxo3a to regulate cell cycle progression
and regulate gene expression of ROS scaven-
gers. The more commonly known function of
Ser*¢-phosphorylated p66Shc is its heat shock
protein 70 (HSP70)- and Pinl-dependent mito-
chondrial ROS production through interactions
with cytochrome ¢ (Cyt C). Increased ROS due
to p66Shc translocations have been shown to be
involved in age-related renal pathologies and
diabetic kidney disease and are a source of
nephrotoxicity in some anti-cancer treatments.
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Disruption of
cytoskeleton
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Connections between p66Shc and TRPC6 channels in podo-
cytes, if present, remain to be explored, as increased expression
of both proteins appear counterintuitive. It is more likely that
each protein in these cells may be acting independently, and
p66Shc may be functioning primarily as a mediator of oxida-
tive stress dysfunction and promoting apoptosis (11). Adding
to the complexity of TRPC/p66Shc interactions under hyper-
glycemic conditions, increased p66Shc expression may influ-
ence proliferation. As discussed above, p66Shc is able to
complex with BPix and FOXO3a in the cytosol. The seques-
tration of FOXO3a away from the nucleus downregulates the
expression of p27%iP! (18). p27%iP! is a known regulator of
proliferation, and its action as a cyclin-dependent kinase in-
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hibitor is responsible for blocking cell cycle progression at G1
(26). Future experiments may provide further insights into
p66Shc function in mesangial cell dysfunction in diabetic
nephropathy and other proliferative diseases.

Increased oxidative stress within the kidney is also a well-
known contributor to progression of diabetic nephropathy (32,
62, 112, 114). The role of p66Shc as a sensor and mediator of
oxidative stress is highlighted by its reported increased expres-
sion in proximal tubule cells and podocytes in STZ-induced
diabetic mice and other genetic models of diabetes (11, 99).
Upregulation of both total and Ser*°-phosphorylated p66Shc
coincided with increased production of mitochondrial ROS and
increased apoptosis (Fig. 3) (11, 99). Supporting the role of
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p66Shc as an inducer of ROS in diabetic nephropathy, STZ-
induced p66Shc-knockout mice displayed decreased glomeru-
lar damage, decreased apoptosis, decreased Nox4 gene expres-
sion, and decreased ROS production (62, 63). It is of note that
Nox4 protein is part of the plasma membrane NAPDH oxidase
system, suggesting that both mitochondrial and plasma mem-
brane ROS production provide a net ROS increase in diabetic
nephropathy. Furthermore, p66Shc expression has recently
been suggested as a biomarker for diabetic nephropathy in
humans, as increased p66Shc expression in blood monocytes
was shown to correlate with increased oxidative stress in
diabetic patients compared with healthy controls (76, 114).

As described above, in aortic endothelial cells of diabetic
mice, p66Shc is upregulated and its function regulated by
Lys81 acetylation, whereas Sirtl deacetylates and attenuates
p66Shce function (49). Hyperglycemic conditions promote acet-
ylation of p66Shc (49, 52). As part of a complex feedforward
loop, it was recently described that increased p66Shc expres-
sion in hyperglycemic diabetic endothelial cells induces mi-
croRNA-34a expression, which in turn targets Sirtl mRNA,
decreasing Sirtl protein (52). Decreased Sirtl protein expres-
sion, along with increased p66Shc expression and acetylation,
increases ROS production further in the endothelial cell, pro-
moting increased cellular dysfunction. Additionally, probucol,
a potent antixodant drug that can delay progression of diabetic
nephropathy, was reported to ameliorate renal damage in
diabetic nephropathy by epigenetically suppressing p66Shc
expression via the AMP-activated protein kinase/SIRT1/
acetyl/histone H3 pathway (113). Whether this complex feed-
forward loop is present in renal proximal tubular cells or within
the glomerular mesangial cells within the kidney remains to be
explored, but it may explain the progressive dysfunction of
these cell types as well.

p66Shc AND RENAL TOXICITY OF ANTICANCER AGENTS

The involvement of p66Shc in the progression of nephro-
toxicity associated with anticancer therapies is probable (Fig.
3). Renal toxicity was reported for a variety of anticancer thera-
pies targeting members of the epidermal growth factors (EGF)
and the vascular endothelial growth factor (VEGF) signaling
cascades (23, 24, 87). Kidney is a highly vascularized organ, and
agents against VEGF and VEGF receptors (VEGFRs) will affect
renal microvasculature. As discussed above, p66Shc when over-
expressed in SMC of renal vessels promotes vascular dysfunction,
resulting in proteinuria (likely to be caused by vascular dysfunc-
tion-mediated glomerular damage) and other hypertension-in-
duced renal injuries (66). It is of note that p66Shc was reported to
act as a positive regulator for ROS-dependent VEGF signaling
and is supposed to act downstream of VEGFR (74). Accordingly,
renal toxicities, which appear to be quite common in cancer
patients treated with anticancer drugs targeting VEGF and
VEGFRs (23), could be mediated by p66Shc signaling which
compensates for the inhibited VEGFR activity. The connection
between anti-VEGF cancer treatments and p66Shc remains to
be explored. Future research will establish whether p66Shc
could serve as a therapeutic target to combat the renal toxicity
associated with these types of cancer treatments. In contrast,
the interaction of drugs targeting EGF and EGF receptors used
in cancer treatment with p66Shc signaling has not been re-
ported. Most of these drugs, as a single agent, do not induce
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nephrotoxicity, and in general, kidney toxicity is not very
common with this class of agents (24). Thus, there is insuffi-
cient rationale to consider p66Shc as a therapeutic target when
HER?2 and EGFR inhibitors are used.

It has been observed that the epigenetic modifying anti-
cancer drugs trichostatin A (TSA) and 5-aza-cytidine (SAZA)
induce renal tubular injury in part by increasing mitochondrial
ROS production (69) and that this ROS corresponds to in-
creased expression and mitochondrial localization of p66Shc
(2, 107). Interestingly, in a recent study by Arany et al. (6), it
was observed that nicotine exposure augments the renal toxic
effects of 5SAZA. Whereas previous reports have indicated
links of nicotine exposure to increased renal damage via
p66Shc-mediated oxidative stress (1, 45), this study demon-
strated further increased damage induced to the renal tubules
due to the combination of SAZA and nicotine. These data
suggest both a mechanism to a phenomenon that has been
plaguing physicians trying to treat cancer patients (39, 83) and
also proposes that the antioxidant resveratrol could be used a
therapeutic treatment to decrease the p66Shc-induced oxidative
stress induced both by the anti-cancer treatment as well as
nicotine exposure (6).

Nephrotoxicity is one of the main side effects of the potent
platinum-containing cytostatic drug cisplatin (60). Cisplatin,
like most metals, is involved in generation of ROS and causes
tubular damage, vascular injury, and inflammatory damage in
the interstitium (75). Mechanisms of action of cisplatin, as well
as many other anticancer drugs, include cytoplasmic organelle
dysfunction (including mitochondrial damage), oxidative
stress, and induction of apoptotic pathways (60). Accordingly,
the involvement of p66Shc as a facilitator of ROS production
and mediator of oxidative stress-dependent renal damage in
renal toxicity of anticancer agents is probable. Indeed, overex-
pression of p66Shc exacerbates whereas its knockdown or
mutation of the Ser®® site to alanine ameliorates cisplatin-
induced nephrotoxicity in cultured renal proximal tubule epi-
thelial cells (21, 116). It was proposed that p66Shc accelerates
cisplatin-dependent disorganization of the actin cytoskeleton
through interacting with heat shock protein 27 (HSP27), which
is responsible for the integrity of the actin cytoskeleton (Fig. 3)
(3). It seems imperative to carry out experiments with rodent
models of p66Shc-knockout to establish whether p66Shc-
mediated cisplatin-dependent nephrotoxicity takes place not
only in vitro in cell models but also in vivo in animals treated
with cisplatin.

POTENTIAL THERAPEUTICS

Many of the renal diseases discussed in the current review
exhibit deleterious effects on the kidney due to increased
oxidative stress, and p66Shc protein expression plays a central
role in this increase. As such, p66Shc is emerging as a target
for therapeutic strategies to mitigate oxidative stress-induced
damage. As theoretical proof of concept, Bock et al. (11) were
able to show that activated protein C (aPC) silences p66Shc
expression via epigenetic modification of the p66Shc promoter.
The epigenetic silencing of p66Shc coincided with an aPC-
mediated decrease in ROS production, as well as decreased
p66Shc translocation to the mitochondria (11). Similarly, it has
been shown that the NAD(+)-dependent histone deacetylase
SIRT1 is able to not only suppress p66Shc expression but
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through lysine 81 deacetylation of p66Shc block normal
p66Shc function and reduce ROS production in vascular en-
dothelial cells (49, 117). Similarly, inhibiting translocation of
p66Shc to the mitochondria using the Pinl inhibitor juglone
enabled the attenuation of intestinal I/R injuries in rat typified
by p66Shc function in the intestines caused by I/R damage
(29). These data provide intriguing evidence that inhibiting
p66She could have therapeutic effects.

A promising new synthetic anti-cancer compound, Sulfur
Het A2 (SHetA2), that induces apoptosis in a vast array of
cancer cell types while having little effect on noncancerous cell
types, has been described (8, 54-56). One of the mechanisms
by which SHetA2 induces apoptosis was shown to be through
direct interactions in the mitochondria and generation of in-
creased ROS (54, 55). This compound was recently found to
inhibit p66Shc and Hsp70 (mortalin/HSPAY) interactions (9).
Hsp70 is predominately localized to the mitochondria and
functions as a chaperone protein, mediating interactions with
p66Shc and TIM/TOM proteins (see Ref. 114 for a review).
Treatment of head and neck squamous cell carcinoma cells
with SHetA2 induced mitochondrial swelling, increased Cyt C
release from mitochondria, and increased apoptosis (20), which
is consistent with increased p66Shc actions in the mitochondria
when activated and released from the TIM/TOM complex.
Surprisingly, in the kidney cancer cell lines, SHetA2 induced
apoptosis, although it had no effect on renal tubule cells (56).
Furthermore, treatment of kidney cancer xenografts with
SHetA2 resulted in decreased growth over a range of SHetA2
dosages (20). These data suggest that SHetA2 could provide an
effective treatment for some proliferative kidney diseases, such
as renal cancers, and diabetic mesangial proliferative nephrop-
athy. Whether SHetA2 could interfere with signaling of
p66Shc in renal cells in other kidney pathologies and thus
ameliorate renal function remains to be determined.

To date, there are no specific pharmaceutical inhibitors of
the p66Shc protein. The similarity between the p66Shc isoform
and p52Shc and p46Shc significantly reduces targetable re-
gions of the p66Shc protein. Inhibition of all three isoforms is
likely to have significant deleterious consequences, as a knock-
out of all three isoforms in mice was embryonic lethal (50).
However, if one were to be able to specifically target p66Shc,
either pharmaceutically or through permanent genetic modifi-
cation of the Shcl locus, the therapeutic potential is great.
Recent advances in CRISPR-Cas9 system technology have
opened the door to targeted genetic modification of gene loci as
applications to treat human diseases (reviewed in Ref. 41). The
potential to utilize nanoparticles or other delivery methods to
deliver p66Shc loci CRISPR targeted constructs to diseased
kidneys as a method of reducing p66Shc protein expression is
intriguing. However, before this technology can be used, tar-
geting efficiency, as well as limiting off-target effects, needs to
improve.

CONCLUSIONS

To conclude, the kidney is particularly sensitive to increases
in oxidative stress, be it caused by hypertension, diabetic-
induced hyperglycemia, or even the normal aging process. As
reviewed here, p66Shc appears to play a critical role in the
progression and aggravation of the disease states (Fig. 3).
Although work continues to show the importance of p66Shc in
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these and other kidney diseases, functional studies need to be
expanded to further clarify where in the cells p66Shc is acting,
i.e., at the plasma membrane with NADPH oxidase, in the
mitochondria driving Cyt C-mediated apoptosis, or in the
cytosol mediating downregulation of the FOXO3a-dependent
genes such as MnSOD or p27%iP! Although it is likely that
each disease state is unique, and various combinations of
p66Shc functions take place, understanding the mechanisms of
p66Shc-mediated renal pathologies will further guide the de-
velopment of therapeutic compounds targeting p66Shc actions
and expression.

Finally, nonoxidative stress-inducing roles of p66Shc are
just being recognized. The fact that p66Shc has been shown to
negatively regulate TRPC channels in renal cells suggests that
p66Shc is a node linking broader biological functions (66).
Aberrant TRPC channel expression and dysregulated calcium
import have been implicated in mesangial cell dysfunction and
podocyte injury under hyperglycemic conditions (37, 38, 44,
58, 95). If p66Shc functions to regulate TRPC channels in
these cells as seen in renal smooth muscle cells, therapeutic
inhibition of p66Shc could not only help to decrease oxidative
stress but also aid in other aspects of dysregulated cellular
functions.
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