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ABSTRACT
Cancers expressing mutant RAS are associated with a weaker response to chemotherapy and a shorter
overall patient survival. We have demonstrated that the irreversible inhibitor of ERBB1/2/4, neratinib,
inhibits ERBB1/2/4 and causes their internalization and autolysosomal degradation. Fellow-traveler
membrane proteins with RTKs, including mutant K-/N-RAS, were also degraded. We discovered that
the CDK4/6 inhibitor palbociclib increased autophagosome and then autolysosome levels in a time
dependent fashion, did not reduce mTOR activity, and interacted with temsirolimus to kill. Neratinib and
palbociclib interacted in a greater than additive manner to increase autophagosome and then auto-
lysosome levels in a time dependent fashion, and to cause tumor cell killing. Killing required the
expression of ATM and AMPKα, Beclin1 and ATG5, BAX and BAK and of AIF, but not of caspase 9. In
some cells over-expression of BCL-XL was protective whereas in others it was ineffective. The lethality of
[neratinib + palbociclib] was modestly enhanced by the PDE5 inhibitor sildenafil and strongly enhanced
by the HDAC inhibitor sodium valproate. This was associated with K-RAS degradation and a greater than
additive increase in autophagosome and autolysosome levels. Killing by the three-drug combination
required ATM and AMPKα, and, to a greater extent, Beclin1 and ATG5. In vivo, [valproate + palbociclib]
and [neratinib + valproate + palbociclib] interacted to suppress the growth of a carboplatin/paclitaxel
resistant PDX ovarian tumors that express a mutant N-RAS. Our data support performing a future three-
drug trial with these agents.
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Introduction

In the recent past, two new drugs for breast cancer have been
approved by the FDA, palbociclib (IBRANCE®) and neratinib
(NERLYNX®). Palbociclib was developed as an inhibitor of
CDK4/6 and neratinib as an inhibitor of ERBB1/2/4.1,2

Palbociclib is approved for the treatment of ER+ ERBB2-
patients in combination with aromatase or anti-estrogen
therapies. Neratinib is used as an adjuvant therapy alongside
the anti-ERBB2 antibody Herceptin in ERBB2+ breast
cancers.

Our most recent studies with neratinib, alone or in combi-
nation with HDAC inhibitors, have demonstrate a unique
biochemical action for the drug.3–5 Neratinib was originally
developed as an irreversible inhibitor of ERBB2, and was then
shown to inhibit ERBB1 and ERBB4.6 We discovered that
neratinib was both a kinase inhibitor and that it possessed
the ability to cause ERBB1/2/3/4 receptor internalization with
their subsequent proteolytic degradation. As a negative con-
trol, we also examined the expression of c-MET and surpris-
ingly discovered that this receptor was also down-regulated by
neratinib, even though neratinib does not chemically bind to
this receptor. The down-regulation of ERBB1 and c-MET
could be molecularly differentiated by the fact that for

degradation, ERBB1 also required a ubiquitination step
whereas c-MET did not. It has been proposed that growth
factor receptors and other signal transduction proteins reside
in quaternary complexes on the surface of tumor cells, and
based on this concept we determined that neratinib, and
particularly neratinib combined with an HDAC inhibitor,
caused the autolysosomal-dependent degradation of mutant
K-RAS and mutant N-RAS.3,7 These data imply that neratinib,
in combination with HDAC inhibitors, could be a therapeutic
option to explore in tumors expressing ERBB1/2/4 and
mutant RAS proteins.

In prior studies we have demonstrated that the pan-CDK
inhibitor flavopiridol (Alvocidib) could interact with the
ERBB1/2/4 inhibitor lapatinib to kill breast cancer cells.8

Flavopiridol inhibits multiple CDK enzymes, including CDK4/
6, at low nanomolar concentrations. We discovered that flavo-
piridol interacted with lapatinib to rapidly reduce MCL-1
expression and over-expression of MCL-1 or knock down of
BAX and BAK suppressed drug combination lethality.
Lapatinib-mediated inhibition of ERK1/2 and to a lesser extent
AKT facilitated CDK inhibitor -induced suppression of MCL-1
levels. In clinical trials, as a single agent, however, flavopiridol
demonstrated weak activity in solid tumors, including breast
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cancers.9 Yet, as with palbociclib, it is a potent inhibitor of
CDK4/6. These findings suggested to us that in addition to
inhibiting CDK4/6, palbociclib must have additional targets in
cancer cells that mediate its known efficacy.

In our present studies we discovered that palbociclib as a
single agent increased the levels of autophagosomes and then
autolysosomes in a time dependent fashion and interacted with
the mTOR inhibitor temsirolimus to kill. Neratinib and palbo-
ciclib interacted in a greater than additive fashion to both
increase autophagosome and then autolysosome levels in a
time dependent fashion, and to cause tumor cell killing.
Killing required the expression of ATM and AMPKα, Beclin1
and ATG5, BAX and BAK and of AIF, but not of caspase 9. The
lethality of [neratinib + palbociclib] was strongly enhanced by
the HDAC inhibitor sodium valproate in vitro and in vivo.

Results

Low clinically relevant concentrations of palbociclib in a dose-
dependent fashion increased the levels of GFP+ autophagosomes
followed several hours later by elevated levels of RFP+ autolyso-
somes (Figure 1A). Although autophagosome levels had been
increased, no significant alteration in the activity of mTOR
(mTORC1 S2448 phosphorylation) was observed (Figure 1B).
As palbociclib appeared to be stimulating autophagy in an
mTOR independent fashion, we determined whether an inhibi-
tor of mTORC1 activity, temsirolimus, could enhance palboci-
clib lethality. In multiple tumor cell types, including breast

cancer cells, temsirolimus and palbociclib interacted to enhance
the killing of mammary, colon, NSCLC and melanoma cells, but
not of stomach cancer cells (Figure 1C).

Recent studies from our group have demonstrated that the
irreversible ERBB1/2/4 inhibitor neratinib can increase autop-
hagosome and autolysosome levels which are responsible for
both the down-regulation of RTKs and RAS proteins, as well
as causing tumor cell killing.3–5 Thus, we next determined
whether the autophagosome-inducing drug palbociclib inter-
acted with the autophagosome-inducing drug neratinib to kill
tumor cells. In mammary, colon, NSCLC, sarcoma, pancreatic
and renal cancer cells neratinib and palbociclib interacted in
an additive to greater than additive fashion to cause tumor
cell death after 24h (Figure 2A). Previously we had demon-
strated that neratinib could kill afatinib resistant H1975
NSCLC clones.3 The combination of [neratinib + palbociclib]
killed both parental wild type H1975 clones and afatinib-
resistant H1975 clones after 24h, with the killing of the afati-
nib-resistant clones being significantly greater than that of the
wild type parental clones (Figure 2B).

Based on our killing data, we then performed studies in an
agnostic fashion to examine any changes in cell signaling
processes caused by [neratinib + palbociclib]. In BT474
(mammary) and Spiky (ovarian) cancer cells the [neratinib
+ palbociclib] drug combination increased the phosphoryla-
tion of eIF2α S51, ATM S1981, AMPKα T172, TSC2 T1496,
Raptor S792, ULK-1 S317 and ATG13 S318 (Figure 3A and
3B; Figure S1A). The drug combination reduced the

Figure 1. Palbociclib enhances autophagosome and autolysosome levels without inactivating mTOR and interacts with the mTOR inhibitor temsirolimus to kill cancer
cells. A. BT474 cells were transfected with a plasmid to express LC3-GFP-RFP. Twenty-four h later cells were treated with vehicle control or with increasing
concentrations of palbociclib. Cells were imaged 4h and 8h after the addition of vehicle or palbociclib. At least forty cells per condition were imaged in independent
triplicate (n = 3 +/- SD); GFP+ cells indicate autophagosomes; RFP+ cells indicate autolysosomes. B. BT474 cells treated with vehicle control or with increasing
concentrations of palbociclib. Cells were fixed 4h and 8h after the addition of vehicle or palbociclib. At least forty cells per condition were imaged in independent
triplicate and the intensity ratio of phosphorylated mTOR S2448 levels to total mTOR expression plotted as a percentage of control treatment (n = 3 +/- SD). C. Tumor
cells were treated with vehicle control, palbociclib (100 nM), temsirolimus (500 nM) or the drugs in combination for 12h and for 24h. Cells were treated with live/
dead reagent and the percentage cell death under each condition determined (n = 3 +/- SD).
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Figure 2. Neratinib and palbociclib interact in a greater than additive fashion to kill cancer cells. A. Cancer cells were treated with vehicle control, neratinib (100 nM),
palbociclib (100 nM) or the drug in combination for 24h. Cells were treated with live/dead reagent and the percentage cell death under each condition determined
(n = 3 +/- SD). B. Wild type parental and afatinib resistant clones of H1975 NSCLC cells were treated with vehicle control or with [neratinib (100 nM) + palbociclib
(100 nM)] for 24h. Cells were treated with live/dead reagent and the percentage cell death under each condition determined (n = 3 +/- SD). # greater cell death an in
wild type parental clones.

Figure 3. Neratinib and palbociclib interact to activate eIF2α, ATM, AMPK, ULK-1 and inactivate mTOR, ERK1/2, AKT and STAT3. A. BT474 cells were treated with
vehicle control or with [neratinib (100 nM) + palbociclib (100 nM)] for 6h. Cells were fixed in place and at least forty cells per condition were imaged in independent
triplicate and the intensity ratio of phosphorylated protein levels to total protein expression plotted as a percentage of control treatment (n = 3 +/- SD). # p < 0.05
greater than vehicle control; * p < 0.05 less than vehicle control. B. Spiky ovarian cancer cells were treated with vehicle control, neratinib (100 nM), palbociclib
(100 nM) or the drugs in combination for 6h. Cells were fixed in place and at least forty cells per condition were imaged in independent triplicate and the intensity
ratio of phosphorylated protein levels to total protein expression plotted as a percentage of control treatment (n = 3 +/- SD). # p < 0.05 greater than vehicle control;
* p < 0.05 less than vehicle control.
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phosphorylation of mTOR S2448 and S2481, ULK-1 S757,
ERK1/2, AKT T308 and STAT3 Y705 (Figure 3A and 3B;
Figure S1B). Prior studies with neratinib have demonstrated
that it can activate an ATM-AMPK-ULK-1-ATG13 pathway
and cause mTOR inactivation that leads to elevated autopha-
gosome levels.3 Of note, palbociclib, regardless of LKB-1
expression/functionality, enhanced AMPKα T172 phosphory-
lation (Figure S1C). In all cell lines tested, neratinib and
palbociclib interacted in an additive to greater than additive
manner to increase autophagosome levels that were tempo-
rally followed by increased levels of autophagosomes (data not
shown; see also Figure 6).

We next attempted to link changes in cell signaling and
biology to the molecular mechanisms by which [neratinib
+ palbociclib] killed tumor cells. Knock down of ATM,
AMPKα, Beclin1 or ATG5 significantly reduced drug combi-
nation lethality (Figure 4A). Knock down of Beclin1 or ATG5
also reduced the lethality of palbociclib as a single agent
(Figure 4B). The drug combination increased expression of
Beclin1 and ATG5 and reduced expression of BCL-XL and
MCL-1 (Figure 4C). In breast cancer cells, over-expression of
BCL-XL or knock down of BAX, BAK or AIF consistently
protected cells. In two of the cell lines, one breast and one
ovarian, over-expression of the caspase 8/10 inhibitor c-FLIP-

s partially reduced killing and in the same breast line, over-
expression of dominant negative caspase 9 also partially
reduced killing. In the ovarian cancer cells neither over-
expression of BCL-XL nor dominant negative caspase 9 was
protective. Collectively these data argue that autophagy plays
a key role in mediating tumor cell killing by [neratinib + pal-
bociclib] and that cell execution is more reliant, downstream
of the mitochondrion, on AIF than caspase 9.

In Figure 3 and Figure S1 we determined that the drug
combination reduced the activities of ERK1/2, AKT and
STAT3. Over-expression of activated AKT or over-expression
of activated MEK1, to a greater extent than expression of
activated STAT3, protected BT474 mammary tumor cells
from [neratinib + palbociclib] (Figure 5A). Expression of
activated AKT suppressed the inactivation of mTOR and
activation of ULK-1, also as judged by reduced ATG13 phos-
phorylation (Figure 5B). Activated AKT and activated MEK1
both prevented [neratinib + palbociclib] from enhancing
expression of BIM, Beclin1 and ATG5. Activated MEK1, and
to a lesser extent activated AKT, however, did not alter the
levels of drug-induced eIF2α S51 phosphorylation. i.e. the
observed elevated endoplasmic reticulum stress signaling is
likely to have less importance in killing tumor cells, per se,
than the inactivation of AKT, mTOR and the ERK1/2 MAP

Figure 4. [Neratinib + palbociclib] killing is reduced by knock down of ATM, AMPK, Beclin1, ATG5 and AIF. A. Mammary (BT474, 4T1) and ovarian (Spiky, OVCAR3)
cancer cells were transfected with a scrambled siRNA (siSCR) or with validated siRNA molecules to knock down expression of the indicated proteins. In parallel, other
portions of cells were transfected to express empty vector (CMV) or to express the indicated proteins. Twenty-four h after transfection cells were treated with vehicle
control or with [neratinib (100 nM) + palbociclib (100 nM)] for an additional 24h. Cells were treated with live/dead reagent and the percentage cell death under each
condition above that in vehicle control plotted (n = 3 +/- SD). * p < 0.05 less cell death than in the corresponding value in siSCR/CMV treated cells. B. Tumor cells as
indicated were transfected with a scrambled siRNA control or with siRNA molecules to knock down the expression of Beclin1 (siB1) or ATG5 (siA5). Twenty-four h
after transfection cells were treated with vehicle control or with palbociclib (100 nM) for an additional 24h. Cell viability was determined by trypan blue exclusion and
the percentage cell death under each condition above that observed in vehicle control plotted (n = 3 +/- SD). * p < 0.05 less cell death than in the corresponding
value in siSCR. C. Tumor cells were treated with vehicle control or with [neratinib (100 nM) + palbociclib (100 nM)] for 6h. Cells were fixed in place and at least forty
cells per condition were imaged in independent triplicate and the intensity ratio of phosphorylated protein levels to total protein expression determined (n = 3 +/-
SD). # p < 0.05 greater than vehicle control; * p < 0.05 less than vehicle control.
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Figure 5. [Neratinib + palbociclib] enhances the expression of BIM, Beclin1 and ATG5 that is suppressed by expression of activated MEK1 or activated AKT.
A. Mammary (BT474) and ovarian (Spiky) cancer cells were transfected with empty vector (CMV) or to express the indicated “activated” proteins. Twenty-
four h after transfection cells were treated with vehicle control or with [neratinib (100 nM) + palbociclib (100 nM)] for an additional 24h. Cell viability was
determined by trypan blue exclusion and the percentage cell death under each condition above that in vehicle control plotted (n = 3 +/- SD). * p < 0.05
less cell death than in the corresponding value in CMV; ** p < 0.05 less than value in activated STAT3 expressing cells. B. BT474 cells were transfected with
empty vector (CMV) or to express the indicated “activated” proteins. Twenty-four h after transfection cells were treated with vehicle control or with
[neratinib (100 nM) + palbociclib (100 nM)] for an additional 6h. Cells were fixed in place and at least forty cells per condition were imaged in independent
triplicate and the intensity ratio of phosphorylated protein levels to total protein expression was determined (n = 3 +/- SD).* p < 0.05 less intensity in the
corresponding value in vehicle control; # p < 0.05 greater intensity in the corresponding value in vehicle control; ¶ p < 0.05 greater intensity than
corresponding value in CMV transfected cells; ** p < 0.05 lower percentage reduction in intensity than in CMV cells; ## p < 0.05 lower percentage increase
in intensity than in CMV cells.

Figure 6. Sodium valproate and [neratinib + palbociclib] interact to stimulate autophagosome and autolysosome production in tumor cells. Mammary carcinoma
cells were transfected with a plasmid to express LC3-GFP-RFP. Twenty-four h later cells were treated with vehicle control or with neratinib (100 nM), palbociclib
(100 nM), sildenafil (2 μM), sodium valproate (250 μM) or the drugs in combination as indicated in the figure. Cells were imaged 4h and 8h after the addition of
vehicle or of other agents. At least forty cells per condition were imaged in independent triplicate (n = 3 +/- SD); GFP+ cells indicate autophagosomes; RFP+ cells
indicate autolysosomes.
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kinase pathway. Similar data were also obtained in Spiky
ovarian cancer cells (Figure S2).

At present there is an open clinical trial combining nera-
tinib and palbociclib in breast cancer patients
(NCT03065387). We are about to open a phase I trial in
collaboration with Puma Biotechnology combining neratinib
with the HDAC inhibitor sodium valproate for all qualifying
solid tumor patients. In several prior publications we have
shown that both the HDAC inhibitor sodium valproate
(Depakote®) and the PDE5 inhibitor sildenafil (Viagra®) can
enhance the formation of autophagosomes and autolysosomes
caused by other agents, which in turn leads to elevated levels
of tumor cell killing.10–12 Thus, we next determined whether
valproate or sildenafil could enhance “autophagy” and thus
the lethality of [neratinib + palbociclib].

Treatment of multiple mammary and ovarian tumor cell
lines with either neratinib or palbociclib increased the
numbers of autophagosomes within tumor cells (Figure 6).
Both agents combined in a greater than additive fashion to
increase autophagosome levels. Sodium valproate in a
greater than additive manner further enhanced autolyso-
some formation. Autophagic flux appeared to be occurring
under all treatment conditions as the elevated levels of GFP
+ autophagosomes observed at 4 hours were reduced by
8 hours and the numbers of RFP+ autolysosomes observed
at 4 hours were negligible but were significantly enhanced
by 8 hours. We next determined the impact of sodium
valproate and sildenafil on the lethality of [neratinib + pal-
bociclib], note, after 12 hours of incubation. Neratinib and
palbociclib interacted in a greater than additive fashion to
kill mammary and ovarian tumor cells (Figure 7). As

observed for the autophagy biomarkers, sodium valproate
in a greater than additive manner further enhanced tumor
cell killing by [neratinib + palbociclib]; sildenafil was less
effective. As clinical studies are underway combining [ner-
atinib + palbociclib] and [neratinib + valproate], this data
would collectively argue for a possible future trial combin-
ing the three drugs at the safe RP2D in both trials with
neratinib.

We next performed studies to determine how valproate
altered cell signaling processes and enhanced the autophagy
and the cell killing response to [neratinib + palbociclib].
Treatment of cells with [neratinib + palbociclib + valproate]
resulted in a greater and more prolonged activation of ATM,
AMPK and ULK-1; this was associated with greater ATG13
S318 phosphorylation and greater eIF2α S51 phosphorylation
(Figure 8A). Treatment of cells with [neratinib + palbociclib
+ valproate] resulted in a greater and more prolonged inacti-
vation of mTOR, AKT and ERK1/2. The three-drug combina-
tion caused a prolonged inactivation of p70 S6K, which was
congruent with our mTOR and AKT phosphorylation data.
The three-drug combination caused a prolonged reduction in
the expression of MCL-1 and of c-FLIP-s, that, as will be
presented in Figure 9, is also associated with enhanced death
receptor activation. Similar data were observed in CT26
mouse colon cancer cells that express a mutant K-RAS
(Figure S3). The three-drug combination significantly reduced
K-RAS protein expression within 4h in CT26 cells (Figure 8B,
upper). Note, that in [neratinib + palbociclib] treated cells
after 4h, the K-RAS protein became punctate in a manner like
that observed in the “capping” process of growth factor recep-
tors (Figure 8B, lower; Figure S4). After 8h of incubation,

Figure 7. Sodium valproate and [neratinib + palbociclib] interact in a greater than additive fashion to cause tumor cell death. Mammary carcinoma cells (BT474
(ERBB2+), BT549, SUM149, 4T1 (TNBC)) and ovarian cancer cells (Spiky, OVCAR3) were treated with vehicle control or with neratinib (100 nM), palbociclib (100 nM),
sildenafil (2 μM), sodium valproate (250 μM) or the drugs in combination as indicated in the figure. Cells were isolated after 12h and cell viability determined by
trypan blue exclusion assay. A representative study from 3 is shown (n = 3 +/- SD).
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[neratinib + palbociclib] and the three-drug combination had
profoundly reduced K-RAS expression.

Knock down of ATM or AMPKα significantly reduced the
lethality of [neratinib + palbociclib] and of [neratinib + palbo-
ciclib + valproate] (Figure 9A). However, knock down of
either Beclin1 or ATG5 more effectively suppressed three-
drug combination lethality than did knock down of ATM or
AMPKα. i.e. under scrambled control transfection the true
lethality of [neratinib + palbociclib] was enhanced ~ 15% by
valproate; under siATM enhanced by ~ 10%; under siAMPKα
enhanced by ~ 7%; and for siBeclin1 and siATG5 enhanced by
~ 4%. Thus, the ability of valproate to enhance autophago-
some formation is essential for it to also enhance [neratinib
+ palbociclib] killing. In agreement with autophagy playing a
key role in killing, and in particular with autophagic flux,
knock down of the lysosomal protease cathepsin B also pre-
vented the two- and three-drug combinations from killing
(Figure 9B). Similar protective findings were made for knock
down of FADD or over-expression of c-FLIP-s, that together
with data from Figure 8 implies that death receptor signaling
is also being enhanced by valproate (Figure 9C). As judged by
increased cell surface localization, [neratinib + palbociclib]
activated CD95 that was significantly enhanced by valproate
(Figure 9D). Finally, confirming the importance of death
receptor signaling in our system, knock down of CD95 sig-
nificantly reduced the ability of valproate to enhance [nerati-
nib + palbociclib] lethality (Figure 9E).

Finally, using the Spiky PDX ovarian cancer isolate, we
determined the interactions between neratinib, palbociclib
and valproate. [Valproate + palbociclib] significantly
enhanced the anti-tumor efficacy of neratinib against Spiky
ovarian cancer tumors (Figure 10). No apparent toxicities
were observed in normal tissues judged by H&E staining
(brain, lung, heart, liver, spleen, colon and kidneys). Our
findings argue that the HDAC inhibitor sodium valproate
represents a cost-effective drug to enhance the efficacy of
neratinib and palbociclib.

Discussion

The present studies were performed to determine whether the
drugs neratinib and palbociclib, both of which induce autop-
hagosome formation, interacted to kill tumor cells. Our data
demonstrated that these drugs interact in a greater than
additive fashion to kill a diverse cohort of different tumor
cell types. Based on our positive data, and our prior experi-
ence with PDE5 inhibitors and HDAC inhibitors both facil-
itating greater levels of toxic autophagosome levels, we then
determined that the cost-effective HDAC inhibitor sodium
valproate caused a greater enhancement of [neratinib + palbo-
ciclib] killing than did the PDE5 inhibitor sildenafil. In vivo,
neratinib, palbociclib and sodium valproate interacted to sig-
nificantly suppress tumor growth.

Figure 8. Sodium valproate enhances [neratinib + palbociclib] -induced activation of ATM, AMPK, ULK-1 and eIF2α, and facilitates a greater inactivation of mTOR,
AKT, p70 S6K and ERK1/2. A. Spiky ovarian cancer cells were treated with vehicle control, [neratinib (100 nM) + palbociclib (100 nM)], sodium valproate (250 μM) or
the drugs in combination for 4h and for 8h. Cells were fixed in place and at least forty cells per condition were imaged in independent triplicate and the intensity
ratio of phosphorylated protein levels to total protein expression was determined (n = 3 +/- SD).* p < 0.05 less intensity in the corresponding value in vehicle control;
# p < 0.05 greater intensity in the corresponding value in vehicle control; ** p < 0.05 lower intensity than in individual drug-treated cells; ## p < 0.05 greater
intensity than in individual drug-treated cells. B. BT474 (human, mammary); HCT116 (human, colorectal); CT26 (mouse, colon) cancer cells that express a mutant
K-RAS protein were treated with vehicle control, [neratinib (100 nM) + palbociclib (100 nM)], sodium valproate (250 μM) or the drugs in combination for 4h and for
8h. Cells were fixed in place and at least forty cells per condition were imaged in independent triplicate and the intensity ratio of phosphorylated protein levels to
total protein expression was determined (n = 3 +/- SD).* p < 0.05 less intensity in the corresponding value in vehicle control; ** p < 0.05 lower intensity than in
individual drug-treated cells.
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Prior studies from this laboratory demonstrated that the
NSCLC medication pemetrexed interacted with the liver/kid-
ney cancer mediation sorafenib to promote elevated levels of
autophagosome formation, which was causal in tumor cell
killing.13 Of note were the observations made in the ER
+ breast cancer line MCF7. It is known that reduced Beclin1
function plays an important role in mammary tumorigenesis,
and MCF7 cells are known to be haplotype deleted for
Beclin1.14–17 Our prior studies demonstrated that paired
MCF7 cells made resistant to the pure anti-estrogen fulves-
trant had dramatically increased their basal expression levels
of Beclin1, and of ATG5-ATG12, and as a result, exhibited
greater autophagosome formation and were more sensitive to
the [pemetrexed + sorafenib] combination than the parental
MCF7 cells.13 Neratinib is approved as an adjuvant therapy in
ER- ERBB2+ breast cancer patients, and the BT474 cells used
in our studies were obtained from the ATCC and originally
grown in bulk using female athymic mice but without any
additional estrogen supplementation, and as a result these
tumorized BT474 cells express low levels of the estrogen
receptor and grow in vitro and in vivo in an estrogen-inde-
pendent fashion. i.e. they represent a model for both de novo

ERBB2+ breast cancer and also for ER+ breast cancers that
have evolved from estrogen receptor addiction to requiring
ERBB2 signaling as a survival mechanism; the disease sub-
types for which neratinib is approved. We have previously
published that our tumorized BT474 cells are killed by ner-
atinib as single agents through a mechanism requiring expres-
sion of Beclin1 and ATG5.3

Palbociclib is approved for the treatment of ER+ ERBB2
negative breast cancer, and the standard of care for its use in
patients includes anti-estrogen or anti-aromatase therapies in
combination with the CDK4/6 inhibitor. Our data demon-
strated that for palbociclib as a single agent to kill also
required the expression of Beclin1 and ATG5, as did the
combination with neratinib. The precise target(s) by which
palbociclib stimulated autophagosome formation are at pre-
sent somewhat unclear. Others have observed that palbociclib
and other CDK4/6 inhibitors can induce autophagy.18,19 Some
have argued that Cyclin D1 can inhibit AMPK activation
which may link the CDK4/6 inhibitors to autophagy.20

Knock down of Cyclin D1 enhanced the phosphorylation of
AMPKα T172 whereas over-expression of the cyclin pre-
vented metabolic stresses from increasing T172 levels; this

Figure 9. The induction of autophagy and the lysosomal protease cathepsin B play essential roles in the ability of valproate to enhance [neratinib + niraparib]
lethality. A.-C. Spiky ovarian carcinoma cells were transfected with a scrambled siRNA (siSCR) or with siRNA molecules to knock down the indicated proteins. In
parallel studies, cells were transfected with an empty vector plasmid (CMV) or with plasmids to express the indicated proteins. Twenty-four h after transfection, cells
were treated with vehicle control or with neratinib (100 nM), palbociclib (100 nM), sildenafil (2 μM), sodium valproate (250 μM) or the drugs in combination as
indicated in the figure. Cells were isolated after 12h and cell viability determined by trypan blue exclusion assay. A representative study from 3 is shown (n = 3 +/-
SEM). * p < 0.05 less than corresponding value in siSCR/CMV transfected cells; in Panel A: ** p < 0.05 less than corresponding values in siATM and siAMPK cells; Panel
B: ** p < 0.05 less than corresponding value in siBAK cells; Panel C. ** p < 0.05 less than corresponding values in cells expressing BCL-XL or dominant negative
caspase 9. D. Spiky cancer cells were treated with vehicle control, [neratinib (100 nM) + palbociclib (100 nM)], valproate (250 μM) or the drugs in combination, as
indicated for 4h. Cells were fixed in place and not permeabilized. Immunostaining was performed to detect the cell surface levels of the death receptor CD95 (n = 3
+/- SD) * p < 0.05 greater than corresponding value in vehicle treated cells; ** p < 0.05 greater than corresponding value in [N + P] cells. E. Spiky cells were
transfected with a scrambled control siRNA (siSCR) or with an siRNA molecule to knock down the expression of CD95. Twenty-four h after transfection, cells were
treated with vehicle control or with neratinib (100 nM), palbociclib (100 nM), sodium valproate (250 μM) or the drugs in combination as indicated in the figure. Cells
were isolated after 12h and cell viability determined by trypan blue exclusion assay. A representative study from 3 is shown (n = 3 +/- SEM). * p < 0.05 less than
corresponding value in siSCR transfected cells.
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was linked to Cyclin D1/CDK4/6 phosphorylating and inacti-
vating LKB-1. Unfortunately, these authors used 5-fold
greater concentrations of palbociclib to our own which is
above the safe plasma C max concentration, and our ability
of palbociclib to enhance AMPKα T172 phosphorylation
occurs in cells with very low/no LKB-1 expression such as
HT1080 (sarcoma), A549 and H460 (NSCLC) and HCT116

(colon).21 However, others have reported that palbociclib in a
CDK4/6-independent fashion activates the AMPK.22 And,
that this effect may be due to inhibition of other targets
such as CDK9, which has a similar consensus sequence to
that of CDK4/6 and ERK1/2.23,24 Inhibition of CDK9 in
parallel with elevated eIF2α phosphorylation would be pre-
dicted to profoundly reduce the expression of multiple pro-
teins with short half-lives such as the cyto-protective protein
MCL-1, that would in turn promote mitochondrial dysfunc-
tion and Beclin1 release.

We found that palbociclib does not cause mTOR inactiva-
tion, although it did promote a modest amount of ULK-1
S757 dephosphorylation. Thus, palbociclib could be reducing
mTOR catalytic activity or modifying mTOR complex forma-
tion. In agreement with reference 21, palbociclib activated the
AMPK, as judged by elevated T172 phosphorylation, which in
turn is directly responsible for the elevated phosphorylation
observed in ULK-1 S317, TSC2 T1496 and Raptor S792; and,
activation of the AMPK played an essential role in drug
combination lethality. In prior studies using neratinib, we
have linked enhanced AMPKα T172 phosphorylation to acti-
vation of ATM, however palbociclib did not significantly
enhance ATM activity. Studies outside of the scope of this
manuscript will be required to determine whether palbociclib
alters the activities of LKB-1 and calcium-calmodulin depen-
dent kinases that also target AMPKα T172. Collectively,
through convergent and independent signaling pathways, ner-
atinib and palbociclib interact to promote autophagosome
formation that is essential for tumor cell execution
(Figure 11). As breast cancer cells, in part, survive anti-estro-
gen therapy via increased Beclin1 expression and autophagy,
the use of palbociclib alone or in combination with neratinib
will circumvent both the autophagy resistance mechanism in
parallel to the mechanism of elevated ERBB2 expression and
signaling.

Figure 10. [Valproate + palbociclib] interact to suppress tumor growth that is
further enhanced by neratinib. Animals were then segregated into groups with
near identical mean volumes and the animals then treated for 30 days with the
indicated therapeutic agents: vehicle control (cremophore); neratinib 15 mg/kg
QD, [palbociclib 5 mg/kg QD and sodium valproate 50 mg/kg QD]; or the three
drugs in combination. Tumor volumes were measured prior to drug administra-
tion and every five days after the initiation of therapeutic interventions. (n = 8
mice per group +/-SEM). Before, during and after drug treatment tumors are
calipered as indicated in the Figure and tumor volume was assessed up to
~ 40 days later. When the volume of the tumor reached > 1,000 mm3, animals
were humanely sacrificed. * p < 0.05 less growth than vehicle control; **
p < 0.05 less growth than neratinib alone; *** p < 0.05 less growth than
[valproate + palbociclib].

Figure 11. Putative mechanisms by which neratinib, palbociclib and valproate interact to kill tumor cells.
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A phase I trial combining neratinib and palbociclib is
already underway at M.D. Anderson Cancer Center
(NCT03065387). The dose-escalation portion of this study is
to find the highest tolerable dose of neratinib in combination
with either everolimus, palbociclib, or trametinib that can be
given to patients who have advanced cancers; specifically,
tumors with a specific mutation in either ERBB1, ERBB2,
ERBB3 or ERBB4. Whether such an approach would also be
successful in amplified non-mutated ERBB2 is unknown.
Based on our present findings, the combination of [neratinib
+ palbociclib] in ERBB2+ breast cancer may be a novel useful
modality. We will soon be opening a phase I trial at Massey
Cancer Center in late 2018 in all solid tumor patients combin-
ing neratinib with the HDAC inhibitor sodium valproate.

In other pre-clinical and clinical studies, we have used
the PDE5 inhibitor sildenafil to promote the lethality of
kinase inhibitors (NCT02466802; NCT01817751). Thus,
based on our preliminary studies examining the molecular
mechanisms by which neratinib and palbociclib interact,
we wished to develop a novel three drug combination that
would further enhance tumor cell killing. We determined
whether either valproate or sildenafil, agents that also
enhance autophagosome formation, could increase the
efficacy of [neratinib + palbociclib].12,25 Although both
valproate and sildenafil enhanced [neratinib + palbociclib]
lethality in a greater than additive fashion, at the clinically
relevant concentrations used, valproate was superior to
sildenafil. The addition of valproate to [neratinib + palbo-
ciclib] enhanced the formation of autophagosomes and
autolysosomes in a greater than additive fashion which
correlated with the enhanced levels of tumor cell killing.
Knock down of ATG5 or Beclin1 profoundly reduced the
levels of tumor cell death induced by [neratinib + palboci-
clib] and by [neratinib + palbociclib + valproate]. This
also correlated with a strong protective effect in cells
with reduced expression of the lysosomal protease cathe-
psin B. In tumor cells exposed to [neratinib + palbociclib],
expression of the caspase 8 inhibitor c-FLIP-s modestly
reduced the levels of tumor cell killing whereas in cells
exposed to the three-drug combination both expression of
c-FLIP-s or knock down of FADD exhibited strong pro-
tective effects. Cells treated with the three-drug combina-
tion exhibited elevated plasma membrane levels of the
death receptor CD95, which is indicative of receptor acti-
vation. Thus, the addition of valproate to [neratinib + pal-
bociclib] both increases the levels of toxic autophagic flux
with cathepsin B activation, and in parallel promotes
death receptor activation that through caspases 8/10 also
leads to tumor cell death (Figure 11).

The safety of any drug or drug combination is initially
determined in a phase I trial. The dose-limiting toxicity of
palbociclib is neutropenia; of neratinib is colon dysfunc-
tion/diarrhea; for valproate liver toxicity. Thus, none of the
proposed three drugs in our combination has an overlap-
ping primary dose-limiting toxicity with either of the other
drugs. Once the [neratinib + palbociclib] and [neratinib
+ valproate] trials are completed, with their own defined
toxicities, it may be possible with careful scheduling to
safely combine all three agents.

The mechanisms by which valproate can enhance the leth-
ality of other agents have previously been explored in detail by
our group. Valproate can stimulate endoplasmic reticulum
stress via inhibition of HDAC6 that causes inactivation of
HSP90, with subsequent elevated levels of misfolded proteins.
Of note, HSP90 stabilizes LKB-1, arguing that LKB-1 is unli-
kely to be our palbociclib regulated kinase.26,27 Knock down
of eIF2α reduced both [neratinib + palbociclib] and [neratinib
+ palbociclib + valproate] -induced cell killing (Booth and
Dent, unpublished observations). In the presence of other
agents which induce autophagy, such as neratinib, this also
causes the lysosomal-dependent degradation of HDAC6 as
well as other cellular HDACs, profoundly altering cellular
biology. In tumors, this alteration of biology can be observed
up to two weeks after cessation of drug treatments.5 For
example, neratinib and valproate, through down-regulation
of HDAC function and expression, alters the protein expres-
sion of immunogenic biomarkers. In the present studies we
discovered that [neratinib + palbociclib] also could rapidly
decrease the expression of PD-L1, PD-L2, IDO-1 and increase
the levels of MHCA (Figure S5). These events were associated
with the extracellular release of the immunogenic protein
HMGB1. Whether [neratinib + palbociclib] can be utilized
as an approach to enhance tumor cell immunogenicity and
enhance the actions of immune checkpoint inhibitory anti-
bodies will require studies beyond the scope of this
manuscript.

The studies in this manuscript utilized the cheap generic low-
efficacy HDAC inhibitor sodium valproate. This was based on
the fore-knowledge that drug expenses can often make the
performance of drug-combination clinical trials cost-prohibi-
tive. We have performed studies with other FDA-approved
HDAC inhibitors including vorinostat and etinostat, as well as
the clinically relevant HDAC inhibitor AR42, and demonstrated
that these agents too also enhance [neratinib + palbociclib]
activity. However, use of those FDA agents would likely make
the translation of [neratinib + palbociclib + HDAC inhibitor]
too expensive to implement as a clinical trial. It is hoped, at the
completion of the [neratinib + palbociclib] and [neratinib
+ valproate] trials that a new clinical study can be initiated
combining [neratinib + palbociclib + valproate].

Materials and methods

Materials

Palbociclib, valproate and sildenafil were from Selleckchem
(Houston, TX). Neratinib was supplied by Puma
Biotechnology Inc. (Los Angeles, CA). Trypsin-EDTA,
DMEM, RPMI, penicillin-streptomycin were purchased from
GIBCOBRL (GIBCOBRL Life Technologies, Grand Island, NY).
Tumor cells were purchased from the ATCC and were not
further validated beyond that claimed by ATCC. Cells were
re-purchased every ~ 6 months. Spiky ovarian cancer cells, an
established PDX model, were kindly provided by Dr. Karen
Paz (Champions Oncology, NJ). Commercially available vali-
dated short hairpin RNA molecules to knock down RNA/
protein levels were from Qiagen (Valencia, CA) (Figure 12).
See references 10–13.
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Methods

Culture and in vitro exposure of cells to drugs. All cell lines were
cultured at 37°C (5% (v/v CO2) in vitro using RPMI supple-
mented with dialyzed 5% (v/v) fetal calf serum and 1% (v/v)
Non-essential amino acids. The safe achievable plasma Cmax for
neratinib is ~ 150 nM and for palbociclib it is ~ 0.5 μM.
Neratinib and palbociclib were both used, in vitro, at 100 nM.

Transfection of cells with siRNA or with plasmids. See
references 10–13.

Detection of cell viability, protein expression and protein
phosphorylation by immuno-fluorescence using a Hermes
WiScan wide-field microscope. http://www.idea-bio.com/. See
references 10–13.

Detection of cell death by Trypan Blue assay. See references
10–13.

Assessment of autophagy: See references 10–13.
Animal Studies. Studies were performed per USDA regula-

tions under VCU IACUC protocol AD20008. Spiky ovarian
carcinoma cells (2 x 106) were implanted into rear flanks of
female NRG mice. Tumors were permitted to form until the
mean tumor volume was ~ 40 mm3. Animals were then segre-
gated into groups with near identical mean volumes and the
animals then treated for 30 days with the indicated therapeutic
agents: vehicle control (cremophore); neratinib 15 mg/kg QD,
[palbociclib 5 mg/kg QD and sodium valproate 50 mg/kg QD];
or the three drugs in combination. Tumor volumes were mea-
sured prior to drug administration and every five days after the
initiation of therapeutic interventions. (n = 8 mice per group
± SEM). Before, during and after drug treatment tumors are
calipered as indicated in the Figure and tumor volume was
assessed up to 20–45 days later. When the volume of the
tumor reached > 1,000mm3, animals were humanely sacrificed.

Data analysis. Comparison of the effects of various
treatments (performed in triplicate three times) was
using one-way analysis of variance and a two tailed
Student’s t-test. Differences with a p-value of < 0.05

were considered statistically significant. Experiments
shown are the means of multiple individual points from
multiple experiments (± SEM).
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Abbreviations

ERK extracellular regulated kinase
PI3K phosphatidyl inositol 3 kinase
ca constitutively active
dn dominant negative
ER endoplasmic reticulum
AIF apoptosis inducing factor
AMPK AMP-dependent protein kinase
mTOR mammalian target of rapamycin
JAK Janus Kinase
STAT Signal Transducers and Activators of Transcription
MAPK mitogen activated protein kinase
PTEN phosphatase and tensin homologue on chromosome ten
ROS reactive oxygen species
CMV empty vector plasmid or virus
si small interfering
SCR scrambled
PDE phospho-diesterase

Figure 12. Representative images of proteins knocked down or over-expressed in the present studies. The percentage of protein expression remaining after
knock-down is presented.
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IP immunoprecipitation
VEH vehicle
NER neratinib
PAL palbociclib
VAL sodium valproate
SIL sildenafil
HDAC histone deacetylase
CDK cyclin dependent kinase
TEM temsirolimus
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