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Acute kidney injury (AKI) is a potentially fatal syndrome character-
ized by a rapid decline in kidney function caused by ischemic or toxic
injury to renal tubular cells. The widely used chemotherapy drug
cisplatin accumulates preferentially in the renal tubular cells and is a
frequent cause of drug-induced AKI. During the development of AKI
the quiescent tubular cells reenter the cell cycle. Strategies that
block cell-cycle progression ameliorate kidney injury, possibly by
averting cell division in the presence of extensive DNA damage.
However, the early signaling events that lead to cell-cycle activation
during AKI are not known. In the current study, using mouse models
of cisplatin nephrotoxicity, we show that the G1/S-regulating cyclin-
dependent kinase 4/6 (CDK4/6) pathway is activated in parallel with
renal cell-cycle entry but before the development of AKI. Targeted in-
hibition of CDK4/6 pathway by small-molecule inhibitors palbociclib
(PD-0332991) and ribociclib (LEE011) resulted in inhibition of cell-cycle
progression, amelioration of kidney injury, and improved overall
survival. Of additional significance, these compounds were found
to be potent inhibitors of organic cation transporter 2 (OCT2),
which contributes to the cellular accumulation of cisplatin and
subsequent kidney injury. The unique cell-cycle and OCT2-targeting
activities of palbociclib and LEE011, combined with their potential
for clinical translation, support their further exploration as thera-
peutic candidates for prevention of AKI.
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Cell division is a fundamental biological process that is tightly
regulated by evolutionarily conserved signaling pathways

(1, 2). The initial decision to start cell division, the fidelity of
subsequent DNA replication, and the final formation of daugh-
ter cells is monitored and regulated by these essential pathways
(2–6). The cyclin-dependent kinases (CDKs) are the central
players that orchestrate this orderly progression through the cell
cycle (1, 2, 6, 7). The enzymatic activity of CDKs is regulated by
complex mechanisms that include posttranslational modifications
and expression of activating and inhibitory proteins (1, 2, 6, 7).
The spatial and temporal changes in the activity of these CDK
complexes are thought to generate the distinct substrate specific-
ities that lead to sequential and unidirectional progression of the
cell cycle (1, 8, 9).
Cell-cycle deregulation is a universal feature of human cancer

and a long-sought-after target for anticancer therapy (1, 10–13).
Frequent genetic or epigenetic changes in mitogenic pathways,
CDKs, cyclins, or CDK inhibitors are observed in various human
cancers (1, 4, 11). In particular, the G1/S-regulating CDK4/
6–cyclin D–inhibitors of CDK4 (INK4)–retinoblastoma (Rb) pro-
tein pathway frequently is disrupted in cancer cells (11, 14). These
observations provided an impetus to develop CDK inhibitors as
anticancer drugs. However, the earlier class of CDK inhibitors
had limited specificity, inadequate clinical activity, poor phar-
macokinetic properties, and unacceptable toxicity profiles (10,
11, 14, 15). These disappointing initial efforts now have been
followed by the development of the specific CDK4/6 inhibitors
palbociclib (PD0332991), ribociclib (LEE011), and abemaciclib

(LY2835219), which have demonstrated manageable toxicities,
improved pharmacokinetic properties, and impressive antitumor
activity, especially in certain forms of breast cancer (14, 16). Suc-
cessful early clinical trials with these three CDK4/6 inhibitors have
generated cautious enthusiasm that these drugs may emerge as a
new class of anticancer agents (14, 17). Palbociclib recently was
approved by Food and Drug Administration for the treatment of
metastatic breast cancer and became the first CDK4/6 inhibitor
approved for anticancer therapy (18).
In addition to its potential as an anticancer strategy, CDK4/6

inhibition in normal tissues could be exploited therapeutically for
wide-ranging clinical conditions. For example, radiation-induced
myelosuppression, caused by cell death of proliferating hemato-
poietic stem/progenitor cells, can be rescued by palbociclib (19, 20).
Furthermore, cytotoxic anticancer agents cause significant toxicities
to normal proliferating cells, which possibly could be mitigated by
the concomitant use of CDK4/6 inhibitors (20, 21). More broadly,
cell-cycle inhibition could have beneficial effects in disorders in
which maladaptive proliferation of normal cells contributes to the
disease pathology, as observed in vascular proliferative diseases,
hyperproliferative skin diseases, and autoimmune disorders (22,
23). In support of this possibility, palbociclib treatment recently was
reported to ameliorate disease progression in animal models of
rheumatoid arthritis through cell-cycle inhibition of synovial fi-
broblasts (24).
Abnormal cellular proliferation also is a hallmark of various

kidney diseases (25), and cell-cycle inhibition has been shown to
ameliorate significantly the pathogenesis of polycystic kidney
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disease (26), nephritis (27), and acute kidney injury (AKI) (28).
Remarkably, during AKI, the normally quiescent renal tubular
cells reenter the cell cycle (29–34), and blocking cell-cycle pro-
gression can reduce renal injury (28). Here, we provide evidence
that the CDK4/6 pathway is activated early during AKI and
demonstrate significant protective effects of CDK4/6 inhibitors
in animal models of cisplatin-induced AKI. In addition, we found
that the CDK4/6 inhibitors palbociclib and LEE011 are potent
inhibitors of organic cation transporter 2 (OCT2), a cisplatin up-
take transporter highly expressed in renal tubular cells (35–37).
Our findings provide a rationale for the clinical development of
palbociclib and LEE011 for the prevention and treatment of AKI.

Results and Discussion
CDK4/6 Activation in Renal Tubular Cells During AKI.Multiple cellular
and physiological factors contribute to the development of AKI
(38–43). However, the major etiology of AKI is renal tubular cell
death caused by ischemia, infections, or drug-induced toxicities
(44–47). During AKI, along with cell death, cell-cycle activation is
initiated in the normally quiescent renal tubular cells (29–34). It is
believed that this proliferative response may contribute to tissue
regeneration (28, 32, 33, 38), although this notion has been
challenged recently (48). These issues notwithstanding, it is clear
that a significant fraction of renal tubular cells enter the cell cycle
during AKI (32, 34) and that blocking or delaying cell-cycle entry
has protective effects (28). Studies with both genetic mouse
models and pharmacological inhibitors have shown that inducing
cell-cycle arrest by overexpression of p21 or treatment with CDK2
inhibitors prevents AKI, whereas knockdown of p21 increases
renal tissue damage (28, 29). Although CDK2-inhibiting strategies
ameliorate AKI, CDK2-specific inhibitors that can be used clini-
cally are unavailable. On the other hand, three CDK4/6 inhibitors
currently are in the late stages of clinical development as anti-
cancer therapeutics and have demonstrated manageable toxicity
profiles (14). However, whether the CDK4/6 pathway is activated
in renal cells during AKI is unknown.
In our recent work (36) and as reported previously (29), ex-

pression of the cell-cycle regulatory protein p21 was highly elevated
during cisplatin-induced AKI. Interestingly, we also observed in-
creased mRNA expression of CDK4 and CDK6, which are re-
quired for G1/S cell-cycle transition (Fig. 1A). These changes were
observed on day 3 after cisplatin administration, when the kidneys
already were severely injured, so first we examined whether CDK4/6
expression and activation occur early during cisplatin nephrotoxi-
city. In our in vivo model, a single i.p. injection of 15 mg/kg cisplatin
leads to severe renal injury on day 3 as shown by increases in the
levels of blood urea nitrogen (BUN) and of renal neutrophil
gelatinase-associated lipocalin (NGAL) (49), a more sensitive AKI
biomarker (Fig. 1 B and C).
To determine the time point at which renal tubular cells enter

the cell cycle, we examined the protein expression of proliferating
cell nuclear antigen (PCNA) and Ki-67, established indicators of
renal cell-cycle progression (29, 34). Interestingly, renal PCNA
(Fig. 1D) and Ki-67 protein levels (Fig. S1) already were increased
on day 1, indicating that cell-cycle activation occurs before the
development of kidney injury. We also found by Western blot
analysis that the protein expression of CDK6 increases in the
kidneys after cisplatin treatment, confirming the results of mRNA
expression (Fig. 1E). To determine the activation of CDK4/6
pathway, we examined the levels of phosphorylated Rb protein
(phospho-Rb) in renal tissues. We found that Rb phosphorylation
was very low in the kidneys of control animals but was increased
substantially on day 1 after cisplatin treatment (Fig. 1 E and F).
Hypophosphorylated Rb blocks G1/S cell-cycle progression,
and inactivation of Rb by CDK4/6-mediated phosphorylation is
essential for cell-cycle entry (50). Because phospho-Rb is a well-
established indicator of CDK4/6 activation (14, 50), our results
suggested that the CDK4/6 pathway is activated during cisplatin

nephrotoxicity. For further confirmation, we evaluated the ex-
pression of forkhead box M1 (FOXM1) transcription factor,
which is a key cell-cycle regulator that is stabilized and activated
by CDK4/6-dependent phosphorylation (51). We found signifi-
cant stabilization of FOXM1 protein expression during cisplatin
nephrotoxicity (Fig. 1 E and F), further confirming CDK4/6 ac-
tivation in renal tissues during AKI.
Overall, these initial studies showed that there is a robust ac-

tivation of the CDK4/6–Rb pathway during cisplatin-induced AKI
that coincides with cell-cycle entry. More significantly, both
CDK4/6 activation and cell-cycle entry preceded the development
of AKI. This early cell-cycle activation maybe deleterious in the
presence of cisplatin-induced DNA damage. This reasoning led
us to hypothesize that transiently blocking CDK4/6 activation
during the early phase of AKI could reduce renal cell death and
that this strategy most likely would not interfere with the later
regenerative processes.

CDK4/6 Small-Molecule Inhibitors with OCT2 Inhibition Properties.
The activation of the CDK4/6–Rb pathway during cisplatin-
induced AKI provided us with a rationale to test if the three
currently available CDK4/6 inhibitors—palbociclib, LEE011,
and LY2835219—can reduce renal injury. Before we conducted
these experiments, we fortuitously noticed that one of these
compounds, palbociclib, exists as a cation protonated on the
nitrogen atom of the pyridine ring (52) and has a hydrophobic-
aromatic site separated by a short distance from the positive
charge, as well as multiple double-bonded oxygen moieties.
These three structural motifs previously were found to be over-
represented in potent inhibitors of the organic cation transporter
OCT2 (53–55). The presence of these motifs is of potential in-
terest because OCT2 is responsible for accumulation of cisplatin
in renal cells (35, 37, 56). In mice, two closely related organic

Fig. 1. CDK4/6 activation during AKI. (A) Wild-type mice were treated with
either vehicle or cisplatin (15 mg/kg), and renal tissues isolated on day 3 were
used for microarray analysis of select genes, including CDK4 and CDK6.
(B) Wild-type mice were treated with cisplatin (15 mg/kg), and BUN levels
were measured after the mice were killed on the indicated days. (C) Wild-
type mice were treated with cisplatin (15 mg/kg), and renal tissues were used
for Western blot analysis of NGAL. The graph represents relative renal NGAL
levels from three independent experiments. Densitometry of Western blots
was followed by calculation of relative NGAL levels compared with control
group after normalization to actin levels. (D, Upper) Renal tissues from cis-
platin-treated mice were stained to detect PCNA levels before and after
cisplatin treatment (400× magnification). (Lower) Staining in renal tubules.
(E and F) Wild-type mice were treated with cisplatin (15 mg/kg). (E) renal
tissues were used for Western blot analysis of indicated proteins. (F) The
graph represents relative protein levels from three independent experi-
ments. Densitometry of Western blots was followed by calculation of rela-
tive protein levels compared with the control group after normalization to
actin levels. Data in the graphs are presented as mean ± SE; n ≥ 4; asterisks
indicate a statistically significant difference compared with untreated group.
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cation transporters, Oct1 and Oct2, together fulfill a role
equivalent to that of a single organic cation transporter, OCT2,
in human kidneys. These transporters are highly expressed on
the basolateral membrane of renal tubular cells, and their
pharmacological or genetic inhibition reduces cisplatin nephro-
toxicity (57).
Based on their aforementioned structural features, we hypoth-

esized that palbociclib and structurally related CDK inhibitors also
might inhibit OCT2 function. In a targeted screen using tetra-
ethylammonium (TEA) as an OCT2 substrate, we found that pal-
bociclib and LEE011 can inhibit OCT2 function significantly, but
other cell-cycle inhibitors had very limited effects (Fig. 2A). To
confirm these findings, we performed dose–response experiments
and found that palbociclib and LEE011 inhibit OCT2 function
with IC50 values of about 0.5 μM, whereas LY2835219 had an IC50
value >10 μM (Fig. 2B). The differences in OCT2 inhibition might
be attributed to the chemical structure of LY2835219, which is
dissimilar from the almost identical structures of palbociclib and
LEE011. Additional kinetic studies showed that these compounds
inhibit OCT2 by a noncompetitive mechanism (Fig. 2C). This
finding was supported further by uptake assays in which we found
that palbociclib was not itself a transported OCT2 substrate (Fig.
2D). Moreover, palbociclib and LEE011 did not influence the
expression and/or membrane localization of OCT2 (Fig. 2E). The
OCT2-inhibitory properties of palbociclib and LEE011 were not
restricted to TEA, because they also blocked the OCT2-mediated
uptake of other relevant substrates such as cisplatin, 4-[4-(dime-
thylamino)styryl]-N-methylpyridinium-iodide (ASP+), metformin,
and dopamine (Fig. S2). Moreover, the inhibitory effect of CDK4/6
inhibitors on OCT2 function was reversible (Fig. S3) and also
was observed for the related transporters OCT1 and OCT3 and
for Oct1 and Oct2, the two murine orthologs of human OCT2
(Fig. S4).

Palbociclib and LEE011 Inhibit OCT2 Function in Vivo. Our results
suggested that palbociclib and LEE011, in addition to targeting
CDK4/6 activity, have unique and potentially beneficial OCT2-
inhibitory activity. Therefore, we next evaluated whether palbociclib

and LEE011 can inhibit OCT2 function in vivo, using an experi-
mental model in which TEA excretion is used as readout of in vivo
OCT2 function (58). This method is based on the principle that
the urinary excretion of TEA is dependent on OCT2, and genetic
or pharmacological inhibition of OCT2 activity will lead to re-
duced TEA excretion. TEA is an excellent OCT2 substrate that is
not metabolized extensively, and its excretion is reduced signifi-
cantly in mice deficient for Oct1 and Oct2 (Oct1/2−/− mice),
resulting in increased accumulation of TEA in plasma (59). To
establish the experimental conditions, we initially performed a
time-course experiment (Fig. 3A) and confirmed previous findings
(59) that TEA excretion was reduced significantly in Oct1/2−/−

mice. We thus had an experimental model to test whether OCT2
function is inhibited in vivo by palbociclib and LEE011. In the next
series of experiments, wild-type or Oct1/2−/− mice were adminis-
tered palbociclib or LEE011 [150 mg/kg, by mouth (p.o.)], fol-
lowed 30 min later by i.v. TEA administration. These studies
showed that palbociclib and LEE011 can increase plasma levels of
TEA significantly and at the same time decrease its urinary ex-
cretion in wild-type mice but not in Oct1/2−/− mice (Fig. 3 B and
C). These findings provide direct evidence that palbociclib and
LEE011 can inhibit OCT2 function in vivo at a dose used in the
initial preclinical development of these drugs (60) and equivalent
to doses used in humans.
To address whether the observed inhibitory effects are caused

by direct inhibition of OCT2 in renal tubules, we used an ex vivo
uptake method (61) in which proximal tubules are isolated from
mouse kidneys and OCT2 function is determined by measuring
the levels of ASP+ uptake. These experiments further confirmed
palbociclib-mediated inhibition of OCT2 function in tubular cells
(Fig. 3D) and raised the possibility that certain CDK4/6 in-
hibitors could have significant renoprotective effects by blocking
both CDK4/6 activation and OCT2 activity.
Before proceeding to test if these inhibitors can prevent cisplatin

nephrotoxicity, we carried out detailed pharmacokinetic analyses to

Fig. 2. Identification of CDK4/6 inhibitors that also inhibit OCT2 function.
(A) HeLa cells overexpressing OCT2 were coincubated with the OCT2 sub-
strate TEA and the indicated cell-cycle inhibitors for 10 min followed by
determination of TEA uptake. The TEA uptake after protein normalization
and relative to the DMSO group was used as indicator of OCT2 function.
(B) Dose–response curves of indicated CDK4/6 inhibitors in HeLa-OCT2 cells.
(C) Dixon plots of LEE011 and palbociclib at two indicated concentrations
using TEA as the OCT2 substrate. (D) Vector- or OCT2-transfected HeLa cells
were incubated with palbociclib or TEA, and the relative uptake levels were
measured after 10 min. (E) Vector- or OCT2-transfected HeLa cells were
treated with the indicated compounds. After a 10-min incubation, mem-
brane proteins were isolated by a standard biotinylation method, and the
membrane expression of OCT2 was analyzed by Western blot analysis.

Fig. 3. Palbociclib and LEE011 are potent OCT2 inhibitors in vivo. (A) Wild-
type or Oct1/2−/− mice were injected i.v. with a 0.2-mg/kg dose of TEA, and
plasma levels of TEA were measured at the indicated time points. (B) Wild-type
or Oct1/2−/− mice were administered vehicle, palbociclib, or LEE011 (150 mg/kg
each) by oral gavage. After 30 min, all mice were injected i.v. with a 0.2-mg/kg
dose of TEA, and plasma levels of TEA weremeasured at 5 min. (C) Urinary TEA
levels measured at 5 min under the same conditions. (D) Isolated renal tubules
were incubated with palbociclib in the presence of the OCT2 substrate ASP+,
and relative uptake was measured compared with control group. (E) Wild-type
and Oct1/2−/− mice received palbociclib (150 mg/kg p.o.), and plasma levels of
palbociclib were determined at the indicated time points. (F) Wild-type or
Oct1/2−/− mice were administered either vehicle or palbociclib (150 mg/kg) by
oral gavage. After 30 min, all mice were injected i.p. with a 15-mg/kg dose of
cisplatin, and plasma levels of total platinum (total and protein-unbound)
were measured at the indicated time points. Data in the graphs are presented
as mean ± SE, n ≥ 4; asterisks indicate a statistically significant difference
compared with the untreated group.
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gain further insights into the pharmacological properties of these
compounds. Pharmacokinetic studies in wild-type and Oct1/2−/−

mice showed that the plasma levels of palbociclib are not altered by
OCT2 deficiency, further supporting the notion that palbociclib is
not an OCT2 substrate (Fig. 3E). Moreover, the observed plasma
levels of palbociclib are sufficiently high to inhibit OCT2 activity
for prolonged durations in vivo without substantially affecting
the systemic disposition of cisplatin (Fig. 3F). These studies sup-
ported further exploration of CDK4/6 inhibitors in animal models
of cisplatin nephrotoxicity.

Protective Effects of CDK4/6 Inhibitors in Mouse Models of AKI. To
evaluate whether CDK4/6 inhibitors can prevent AKI, we used a
model of cisplatin nephrotoxicity in which a single i.p. injection of
cisplatin (15 mg/kg) results in the development of severe AKI 3 d
later (35, 36, 62). Vehicle, palbociclib, or LEE011 (150 mg/kg) was
administered to mice by oral gavage, followed by i.p. injection of
cisplatin (15 mg/kg) 30 min later. As shown in Fig. 4 A–C, cis-
platin-induced increases in BUN and renal NGAL levels were
suppressed significantly in mice treated with palbociclib or
LEE011 compared with the vehicle-treated mice. Tissue histology
further corroborated that these compounds prevented cisplatin-
induced renal injury (Fig. 4D) as well as renal activation of p53,
which is a critical mediator of AKI (63). Furthermore, survival
experiments also showed significant overall protection by CDK4/6
inhibitors, especially LEE011 (Fig. 4E). Because this is a very
severe model of AKI, with almost all animals dying on day 4, a
survival advantage provided by CDK4/6 inhibitors was not antic-
ipated and thus could be considered very significant. Interestingly,
in a recent study (64), palbociclib was found to prevent ischemic
AKI, suggesting that cell-cycle inhibition could have significant
and wide-ranging therapeutic potential in the treatment of AKI.
In the study cited, CDK4/6 activation during ischemic AKI was
not determined; however, because cell-cycle activation is observed

in multiple models of AKI, CDK4/6 activation in renal cells is
likely to be a common phenomenon, irrespective of the underlying
cause of AKI.

Renal Cell-Cycle Entry During AKI Is Inhibited by CDK4/6 Inhibitors. To
examine if cisplatin-induced CDK4/6 activation is reduced by pal-
bociclib or LEE011 in vivo, we performed Western blot analysis
of renal tissues. As shown in Fig. 5 A–C, palbociclib or LEE011
treatment reduced both the phospho-Rb levels in kidneys and the
robust induction of PCNA seen after cisplatin treatment, indicating
that cell-cycle progression was blocked and/or delayed. This
observation was corroborated further by renal Ki-67 levels (Fig.
S5). Furthermore, immunohistochemistry confirmed that the in-
crease in PCNA expression in renal tubular cells after cisplatin
treatment was diminished significantly by LEE011 (Fig. 5D).

OCT2-Independent Effects of CDK4/6 Inhibitors. To address whether
the renal protective effect of these inhibitors is caused by OCT2
and/or CDK4/6 inhibition, we initially used a cell-culture model
of cisplatin-induced cell death. siRNA-mediated knockdown of
CDK4/6 and OCT2 in renal tubular cells resulted in protection
from cisplatin-induced cell death (Fig. S6 A and B). Moreover,
palbociclib treatment provided further protection in cells with
either CDK4/6 or OCT2 knockdown (Fig. S6C). These results
combined with the previous data showing that palbociclib and
LEE011 have dual CDK4/6 and OCT2 inhibition activity sug-
gest that the renal-protective effects of palbociclib most likely
are mediated through the inhibition of both CDK4/6 and OCT2.
Because cultured cells generally represent a poor model of cell-
cycle changes that occur in vivo, we used the Oct1/2−/− mice, as
previously used by our group and others (35, 37). As reported
earlier (35), OCT2-deficient mice were significantly protected
against cisplatin nephrotoxicity (Fig. 6A); however, palbociclib
and LEE011 were able to reduce renal injury further in these mice.
Western analysis showed that, compared with wild-type mice,
kidneys of Oct1/2−/− mice had significantly reduced induction of
the CDK4/6 pathway and PCNA protein levels. Palbociclib strongly
inhibited both the phosphorylation of Rb and the induction of

Fig. 4. CDK4/6 inhibitors mitigate cisplatin-induced AKI. (A) Wild-type mice
were administered either vehicle or 150 mg/kg CDK4/6 inhibitors p.o. followed
by an i.p. injection of cisplatin (15 mg/kg), and BUN levels were measured on
day 3. (B and C) Day 3 renal tissues were used for Western blot analysis of
NGAL. (B) The graph represents relative renal NGAL levels from three in-
dependent experiments. (C) Densitometry of Western blots was followed by
calculation of relative NGAL levels compared with the control group after
normalization to actin levels. (D) Wild-type mice were treated with vehicle or
LEE011, followed by cisplatin (15 mg/kg) injection, and tissues collected on the
indicated days were analyzed to determine the level of tissue damage.
(E) Wild-type mice were administered either vehicle or 150 mg/kg CDK4/6 in-
hibitors p.o. followed by i.p. injection of cisplatin (15 mg/kg), and overall
survival was determined up to 2 wk after cisplatin administration. Three of the
10 mice treated with LEE011 survived for the duration of experiment. Data in
the graphs are presented as mean ± SE; n ≥ 4; asterisks indicate a statistically
significant difference compared with untreated group; hash marks (#) indicate
statistically significant difference compared with vehicle group.

Fig. 5. CDK4/6 inhibitors suppress cell-cycle activation. (A) Wild-type mice
were administered either vehicle or 150 mg/kg CDK4/6 inhibitors (p.o.) fol-
lowed by i.p. injection of cisplatin (15 mg/kg). Renal tissues were collected on
days 0–3, and Western blot analysis was done for indicated proteins.
(B and C) Graphical representation of relative renal PCNA (B) and phospho-Rb
(C) levels from three independent experiments. Densitometry of Western
blots was followed by calculation of relative protein levels compared with the
vehicle-treated control group after normalization to actin levels. (D) Wild-
type mice either were injected with vehicle or were administered 150 mg/kg
LEE011 p.o. followed by the i.p. injection of cisplatin (15 mg/kg), and renal
PCNA levels were determined on days 0–3. Data in the graphs are presented
as mean ± SE; n ≥ 4; hash marks (#) indicate a statistically significant dif-
ference compared with the cisplatin + vehicle group.
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PCNA in Oct1/2−/− mice (Fig. 6B). Based on these results, we
propose that the mitigation of cisplatin-induced AKI associated
with palbociclib and LEE011 most likely is related to the dual in-
hibition of CDK4/6 and OCT2 (Fig. 6C).

CDK4/6 Inhibitors as Adjunct Therapy During Cisplatin Treatment.
Combining cisplatin and CDK4/6 inhibitors could reduce nephro-
toxicity during anticancer therapy. However, it is important to es-
tablish that the anticancer efficacy of cisplatin is not reduced by
CDK4/6 inhibitors (11, 20). The success of such a combination
therapy most likely would depend on two crucial factors, namely
dosing strategy and the genetic status of the CDK4/6–cyclin
D–INK4–Rb pathway in the cancer cells. Extensive in vivo experi-
ments would be required to establish that these combinations not
only lead to reduced toxicities but also do not result in antagonistic
anticancer effects. To gain preliminary insights, we performed in
vitro experiments in which cancer cells were treated with CDK4/6
inhibitors 30 min before cisplatin treatment, followed by 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) as-
says at 48 h. Our results in Rb-proficient ovarian cancer cell lines
(A2780 and IGROV-1) and a testicular cancer cell line (NCCIT)
showed that the CDK4/6 inhibitors do not antagonize the cytotoxic
effects of cisplatin (cooperative index values, <0.8 for all cell lines)
under these conditions (Fig. S7). Similar results have been reported
previously for cotreatment experiments with carboplatin and pal-
bociclib (65). Of note, the dosing regimen is expected to have a
critical role in avoiding potential antagonistic effects. In our in vivo
experiments, we pretreated mice with CDK4/6 inhibitors and
injected cisplatin 30 min later. Under these short-pretreatment or
cotreatment dosing conditions, cancer cells would not have time to
synchronize in G1 phase, so the anticancer effects of cisplatin most
likely would not be affected. Importantly, although the possibility
remains, there is no clear evidence that blocking the cells in G1
phase would lead to reduced cisplatin toxicity in cancer cells (66).
Another important consideration is that the cell-cycle effects of

CDK4/6 inhibitors are completely dependent on functional Rb and
the CDK4/6 pathway (14, 67). Rb is inactivated in multiple cancers,
including in about 90% small-cell lung cancers (11, 20, 50), which
are routinely treated with cisplatin. Combining cisplatin and CDK4/6
inhibitors during the treatment of these malignancies has the
potential to reduce renal toxicities significantly without having
cell-cycle–dependent antagonistic effects in cancer cells (20, 68).
Overall, our studies indicate that (i) the CDK4/6 pathway is

strongly activated during AKI; (ii) pharmacological inhibition of
CDK4/6 can prevent cell-cycle progression and CDK4/6 activation
and can provide protection from cisplatin-induced AKI; and
(iii) palbociclib and LEE011 have unique OCT2-inhibitory activity
that could be exploited pharmacologically to prevent OCT2-
mediated toxicities associated with multiple prescription drugs, in-
cluding platinum-based chemotherapeutics (69). The favorable
pharmacological properties of CDK4/6 inhibitors observed in clin-
ical trials make them ideal candidates for the prevention of AKI.
Notably, despite its high prevalence and mortality rates, no thera-
peutic interventions are available to prevent AKI (41). The current
study provides a strong rationale and in vivo proof-of-concept ex-
periments that support further exploration of CDK4/6 inhibitors in
preventing and/or treating AKI.

Methods
Animal Experiments and Histological Analysis. Wild-type and Oct1/2−/− mice on
an FVB strain (Taconic) were bred in house and were housed and handled in
accordance with the Institutional Animal Care and Use Committee of St. Jude
Children’s Research Hospital or as approved by a governmental committee
overseeing animal welfare at the University of Münster and in accordance with
national animal protection laws. In all experiments, 8- to 12-wk-old male mice
were used for in vivo experiments. For histological analysis, a pathologist blinded
to sample identity performed the staining and graded the results according to
following scores: <10% = grade 0 (minimal); 11–25% = grade 1 (mild); 26–50% =
grade 2 (moderate); 51–75% = grade 3 (marked); and >75% = grade 4 (severe).
See SI Methods for detailed descriptions of animal experiments.

Tissue Lysate Preparation and Western Blot. After collection and storage
at −80 °C, frozen renal cortical tissue lysates were prepared in RIPA buffer
supplemented with 1% SDS and protease and phosphatase inhibitors.
Western blot analysis was done by standard procedures. See SI Methods
for detailed descriptions.

Measurement of Palbociclib. Concentrations of palbociclib in plasma of mice
were determined by a validated method based on LC-MS/MS as described in
detail in SI Methods.

Cell Culture and Cellular Accumulation Assays. HeLa or HEK293 cells expressing
various transporters were cultured in DMEM with 10% FBS. Detailed methods
for uptake assays are described in SI Methods.

Statistical Analysis. Data are presented as mean with SE. Statistical calcula-
tions were performed using GraphPad Prism software. P < 0.05 was con-
sidered statistically significant.
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