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There is limited knowledge about the metabolic reprogramming induced by cancer therapies and how this con-
tributes to therapeutic resistance. Here we show that although inhibition of PI3K–AKT–

results describe how treatment-induced autophagy provides nutrients for cancer cell survival and identifies novel
cotreatment strategies to override this survival advantage.
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Despite significant advances in precision cancer thera-
pies, tumor regressions are variable and rarely complete.
Although the molecular basis of how cancer cells survive
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maintain bioenergetics (Galluzzi et al. 2015). Additional-
ly, due to the central role that the PI3K–AKT–mTOR
pathway has in regulating cellular growth, we reasoned
that small molecule inhibitors that converge directly or
indirectly on this pathway would similarly induce
autophagy to sustain drug-tolerant cells, therefore extend-
ing the reach of this mechanism of resistance beyond spe-
cific PI3K–AKT–mTOR inhibitors.

Thus far, the therapeutic reflex to block autophagy is to
add anti-malarial lysosomotropic inhibitors such as chlo-
roquine, but the clinical responses to these drugs have
been variable and noncurative (Goldberg et al. 2012; Shan-
ware et al. 2013; Rosenfeld et al. 2014; Towers and Thor-
burn 2016). Therefore, it would be clinically impactful to
directly target the metabolic enzymes mediating autoph-
agy-fueled metabolic processes on which drug-tolerant
cells are dependent. However, there have not been any
therapeutically tractable metabolic enzymes identified
in the setting of therapy-induced autophagy.

Here, we identify CYT387, a JAK inhibitor that induces
autophagy by inhibiting mTOR complex 1 (mTORC1).
Consequently, by relieving the inhibitory signal transmit-
ted frommTORC1 to PI3K, treatment with CYT387 leads
to activation of the PI3K–mTORC2/AKT pathway. Com-
biningCYT387withMK2206, anallostericAKT inhibitor,
did not induce any tumor regressions despite effectively
inhibiting PI3K–AKT
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E64D/pepstatin (which inhibits the protease-induced re-
conversion of LC3-II into LC3-I), consistent with an in-
crease in autophagosome formation (Supplemental Fig.
S2C; Tanida et al. 2005). (4) CYT387 increased the number
of double-membraned autophagosomes, which are patho-
gnomonic of autophagy as determined by transmission
electron microscopy (Supplemental Fig. S2D; Klionsky
et al. 2016). Notably, CYT387 was able to induce autoph-
agy in a dose-dependent manner in murine embryonic fi-
broblasts (MEFs) that retained the essential autophagy
gene ATG5 (ATG5+/+), as seen by the lipidation of LC3
(Fig. 1C) (Cecconi and Levine 2008; Fung et al. 2008).
Conversely, CYT387 did not induce autophagy in
ATG5-deficient cells (ATG5� /� ). Likewise, CYT387-in-
duced autophagy was abrogated with siRNA depletion of
ATG5 in ACHN cells (Fig. 1D). To extend our studies
into clinical samples, we exposed patient-derived RCC
organotypic cultures to CYT387 treatment for 24
h. Importantly, CYT387 significantly induced LCB ex-
pression while simultaneously reducing phosphorylated
S6 levels (Fig. 1E,F).Taken together, these results indicate
that CYT387 treatment induces autophagic flux in both
human RCC cell lines and patient-derived tumors.

To obtain further insight into the signaling pathways af-
fected by CYT387 treatment, we studied changes in the
phosphoproteome of two different human RCC cells
(ACHN and SN12C) after CYT387 treatment using quan-
titative phosphoproteomics (Rush et al. 2005;Moritz et al.
2010; Zhuang et al. 2013). Supervised hierarchical cluster-
ing revealed that 513 phosphoserine and phosphothreo-
nine (pST) peptides and 180 phosphotyrosine (pY)
peptides significantly differed between treated and un-
treated cells (Fig. 1H; Supplemental Tables 2–9). We ob-
served two phosphopeptides to be hypophosphorylated
at inhibitory residues T1462 and S1798 in tuberous sclero-
sis complex 2 (TSC2) in CYT387-treated cells (Manning
et al. 2002; Roux et al. 2004). Rapamycin-insensitive com-
panion of mTOR (RICTOR) in CYT387-treated cells was
hypophosphorylated at T1135. RICTOR is a subunit of
mTORC2 (Kim et al. 2017), but the phosphorylation of
T1135 is mediated by mTORC1 via induction of the
p70S6 kinase (Julien et al. 2010) and impedes the ability
of mTORC2 to phosphorylate AKT on S473 (Fig. 1I; Dib-
ble et al. 2009). As expected, ribosomal protein S6 at resi-
dues S236 and S240 and STAT3 Y705 trended toward
hypophosphorylation, and p70S6 kinase (RPS6KB) was
significantly less active in CYT387-treated cells based
on kinase substrate enrichment analyses (KSEAs) (Fig.
1J; Drake et al. 2012). However, KSEAs of AKT motifs
were inconclusive, as some motifs trended toward in-
creased activity and others trended toward decreased ac-
tivity in CYT387-treated cells. DAVID analysis of genes
corresponding to the phosphopeptides and activated in
CYT387-treated cells (Supplemental Tables 10, 11) also
revealed several KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathways that are biologically relevant to
CYT387 treatment, including glycolysis, amino acid bio-
synthesis, and central carbon metabolism (Fig. 1K; Huang
da et al. 2009a,b). In support of these phosphoproteomics
findings, mRNA analysis of CYT387-treated ACHN cells

using gene set enrichment analysis (GSEA) of multiple
independent data sets revealed significant enrichment
of genes involved in several metabolic pathways, while
biological modules associated with mTOR (e.g., cell cycle
and protein synthesis) were anti-correlated with CYT387
treatment. (Supplemental Tables 12, 13).

Collectively, the phosphoproteome and transcriptome
data provide strong evidence that CYT387 treatment re-
ducesmTORC1 signaling to increase TSC2 andmTORC2
signaling leading to AKT activation and is coupled with
changes in metabolic pathways.

PI3K–AKT–mTOR inhibition treatment restrains tumor
growth but does not induce tumor regression

We reasoned that the CYT387-induced inhibition of
mTORC1 would relieve the inhibitory feedback signal
normally transmitted frommTORC1 to PI3K, as the phos-
phoproteomic data suggested via KSEA, and that this
would result in hyperactivation of PI3K and AKT, with
consequent prosurvival signaling. Consistentwith this in-
terpretation, CYT387 treatment caused an increase in
AKT T308, the PDK-1-catalyzed site that serves as read-
out for PI3K signaling in a time-dependent manner (Sup-
plemental Fig. S3A,B). Notably, CYT387 did not
dephosphorylate ERK (Supplemental Fig. S3C). Therefore,
we sought to identify PI3K–AKT pathway inhibitors that
would effectively cooperate with CYT387 to induce apo-
ptosis. We used GDC-0941, a pan-PI3K inhibitor (Sarker
et al. 2015); BX795, a PDK-1 inhibitor (Dangelmaier
et al. 2014); and MK2206 (Yap et al. 2011), an allosteric
AKT inhibitor, to chemically deconstruct this signaling
pathway, as depicted in the schematic (Supplemental
Fig. S3D–F). We first assessed the biologic effects of these
inhibitors on proliferation and apoptosis in human RCC
cells singly and in combination with CYT387 (Fig. 2A–

D). While GDC-0941, BX795, and MK2206 alone exhibit-
ed some anti-proliferative effects, the combination with
CYT387 resulted in significantly greater inhibition of pro-
liferation in ACHN and SN12C cells. In marked contrast,
all drugs as single agents had little or no effect on apopto-
sis, but the combination of either agent with CYT387 re-
sulted in increased apoptosis. This was most striking in
the CYT387 and MK2206 combination (Fig. 2B,D), and
we therefore selected MK2206 for further in vivo studies.
We investigated the mechanisms by which MK2206 and
CYT387 cooperated to suppress tumor growth in RCC
cells (Fig. 2E,F).MK2206 effectively inhibited AKT activa-
tion, as documented by dephosphorylation of both p-AKT
Thr308 and p-Ser473 and the AKT substrate PRAS40.
Consistentwith prior results, suppression of AKT induced
autophagy, as seen by the conversion of LC3-I to LC3-II.
Suppression of mTORC1 by CYT387 led to feedback acti-
vation of PI3K, as seen by the increase in phosphorylation
of p-AKTThr308 (which serves as a readout for PI3K activ-
ity) and mTORC2 (as monitored by AKT Ser473 phos-
phorylation). Subsequently, combining MK2206 with
CYT387 effectively inhibited both AKT and mTORC1
to almost undetectable levels and induced apoptosis
(cleaved caspase 3). Thus, by inhibiting the PI3K–AKT–
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Figure 2. CYT387 combines with MK2206 to effectively inhibit PI3K–AKT–mTOR signaling in human cancer cell lines and xenografts
but does not induce tumor regression. (A,B) Combination treatment with GDC0941, BX795, and MK2206 with measurement of cell vi-
ability in two human RCC cell lines: ACHN (A) and SN12C (B). (C,D) The same combinations as inA, withmeasurement of apoptosis by
cleaved caspase 3/7 inACHN (C ) and SN12C (D) cells. (E) A heatmap of signaling kinase arrays shows the effects ofCYT387,MK2206, and
CYT387+MK2206 cotreatment in ACHN cells at 24 h and 72 h after treatment. (F ) Immunoblot for LC3, p-AKT Thr308, p-AKT Ser473,
total AKT, p-PRAS40, total PRAS40, p-S6, total S6, p-STAT3, total STAT3, and � -actin. (G) Patient-derived organotypic cultures treated
with DMSO (control), CYT387, MK2206, and the CYT387+MK2206 combination for 24 h exhibit an increase in LC3B (green) and a
decrease in p-S6 (red) and p-AKT (red). (H) ATG5+/+ and ATG5� /� MEFs were treated with 2 µM CYT387, 10 µM MK2206, and the com-
bination for 24 h, and LC3, cleaved caspase 3, p-AKT, p-S6, p-STAT3, and � -actinwere evaluated by immunoblotting. (I ) ACHNxenografts
treated with vehicle, 50 mg/kg CYT387, 60mg/kgMK2206, and a 50mg/kg CYT387 + 60mg/kgMK2206 combination. Tumor volume is
shown. Error bars represent mean ± SEM. Control versus CYT387+MK2206, (� � ) P < 0.01. (J,K ) The effect on apoptosis (CC3) (J) and prolif-
eration (KI67) (K ) in ACHN xenograft tumors. Error bars represent mean ± SEM. (J) Control versus CYT387+MK2206, (� � � ) P < 0.0001. (K )
Control versus CYT387+MK2206, (� � ) P = 0.0018. (L
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mTOR pathway at proximal and distal nodes, CYT387
and MK2206 combine to shut down PI3K oncogenic
signaling. However, autophagy still persisted in the com-
bination treatment, pointing to a survival signal that
sustains subpopulations of drug-tolerant cancer cells.
Notably, the CYT387–MK2206 combination induced
autophagy in patient-derived organotypic RCC cultures
(Fig. 2G).
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consistentwith the inhibition of glycolysis (Supplemental
Fig. S4A), as described above and also concordant with the
gene expression data. Similarly, we also observed reduc-
tions in PPP intermediates, amino acids, tricarboxylic
acid (TCA) cycle intermediates, and ribose biosynthesis
and corresponding increases in purine breakdown prod-
ucts guanine and hypoxanthine (Supplemental Fig. S4B–
E). These findings are in keeping with a nutrient-deprived
state (i.e., decreased anabolism) with subsequent in-
creased autophagic catabolism to maintain survival (Miz-
ushima et al. 2001). Cells adapt to glucose deprivation by
subsisting on fatty acids—mobilized through glycerolipid
remodeling—for oxidation, and this is consistent with our

observation that the most significant metabolite changes
were in lipid intermediates, including phospholipids, tria-
cylglycerol (TAG), cholesterol esters, diacylglycerol
(DAG), and fatty acids (C16:0, C18:0, and C18:1) (Fig.
4A; Supplemental Fig. S4F; Kerner and Hoppel 2000; Ea-
ton 2002; Finn and Dice 2006).
We further investigated the lipid substrates thatwere ca-

tabolized by autophagy to produce fatty acids for fatty acid
oxidation. Steady-statemetaboliteprofiling showed signif-
icant increases in lysophospholipids and arachidonic acid
(C20:4), with corresponding decreases in their phospholip-
id precursors (Fig. 4B). Phospholipids, which include phos-
phatidylcholine (PC), phosphatidylethanolamine (PE),

Figure 3. The effects of treatment on metabolism. (A) The treatment effects of control, CYT387, MK2206, and CYT387+MK2206 on
glucose uptake over time, measured by 18FDG. (B) Glucose and lactate levels in culture medium were measured in control and treated
cells and normalized to cell number. (C ) Qualitative analysis of cell diameter changes of ACHN cells treated with CYT387, MK2206,
CYT387 +MK2206, or vehicle (DMSO). (� ) P < 0.02. (D) Glycolysis in ACHN cells wasmeasured using a XF-96 extracellular flux analyzer
after preincubation with drugs or DMSO. Shown are ECAR means ± SD of experimental triplicates. (E) The effects of treatment on basal
ECAR, measured in real time and presented as change in milli-pH per unit time. Representative results are shown. n = 2. (F ) Ratios of ox-
ygen consumption rate (OCR; an indicator of OXPHSO) to ECAR (an indicator of aerobic glycolysis at baseline) of treated ACHN cells.
Representative results are shown. n = 2. (G–J) Treatment activates p-AMPK and increases NADPH levels, maintains GSSG/GSH ratios,
and mitigates reactive oxygen species (ROS). (G) ACHN cells were treated with control, 2 µM CYT387, 10 µM MK2206, and CYT387
+MK2206 for 24 h and probed with the indicated antibodies. (H) NADP+/NADPH levels were measured. (I ) GSSG and GSH levels
were measured in lysates (n = 4) using liquid chromatography-tandem mass spectrometry (LC-MS/MS). (J) The normalized abundance
of these metabolites is shown. Cells were stained with the ROS sensor CellRox. n = 3; three independent experiments. P = ns.
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phosphatidylserine (PS), phosphatidylglycerol (PG), and
phosphatidylinositol (PI), are major structural compo-
nents of cellularmembranes. PLA2 is the enzyme that cat-
alyzes the hydrolysis of the phospholipid sn-2 ester bond
with subsequent release of lysophospholipids; e.g., lyso-
phosphatidylcholine (LPC), alkly-lysophosphatidylcho-

line (alkyl-LPC), and free fatty acids (Murakami et al.
2011). Accordingly, we found elevated levels of C16:0
LPC,C18:0 LPC,C18:1 LPC, andC18-0 alkyl-LPCandcor-
respondingdecreases in their phospholipidprecursors.No-
tably, we observed significant decreases in free fatty acids
(C16:0, C18:0, and C18:1), supporting the idea that

Figure 4. PI3K–AKT–mTOR signaling inhibition induces metabolic reprogramming. (A) Heat map of metabolomic profiling of treated
cells (CYT387, MKK2206, and CYT387+MMK2206) compared with ACHN cells treated with vehicle (DMSO) using LC-MS/MS (see
theMaterials andMethods for details). Log fold changes of profiled metabolites are shown. Metabolites are ordered within each category:
glycolysis, TCA cycle, PPP, nucleotidemetabolism, amino acidmetabolism, phospholipids, ether phospholipids, lysophospholipids, fatty
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phospholipids are hydrolyzed to supply fatty acids for fatty
acid oxidation.Consistentwith increased arachidonic acid
levels in CYT387–MK2206-cotreated cells, we observed
increased levels of 14,15-EET, 11,12-EET, 8,9-EET, and 5-
HETE, pointing to arachidonic acid P450-mediated gener-
ation of eicosanoids (Supplemental Fig. S5).

PI3K–AKT–mTOR treatment-induced autophagy
facilitates lipid droplet (LD) formation and
mitochondrial respiration

To protect cells from the destabilizing effects of excess
lipids, free fatty acids mobilized by autophagy and des-
tined for oxidation are stored in an intermediate intracel-
lular pool: LDs (Thiam et al. 2013). We reasoned that
the large changes in glycerolipid redistribution identified
by our metabolomics profiling of treated cells would re-
sult in an increased number of LDs to support fatty acid
oxidation, with subsequent mobilization of fatty acids to
mitochondria under these nutrient-depleted conditions
(Rambold et al. 2015). Consistent with this, we observed
that CYT387 and MK2206 singly and in combination in-
crementally and significantly increased the number and
size of Bodipy 493/503-labeled (Fig. 5A–C, green) LDs. Ad-
ditionally, we incubated ACHN human RCC cells
with Bodipy-C12-HPC (a phospholipid containing green
fluorescent long chain fatty acid) followed by treat-
ment with vehicle or the CYT387–MK2206 combination.
CYT387–MK2206 cotreatment led to a greater degree of
incorporation of Bodipy-C12-labeled fatty acids into LDs
relative to vehicle-treated cells. This suggests that
CYT387–MK2206 treatment-induced autophagy results
in phospholipid hydrolysis that releases fatty acids, which
are subsequently incorporated into new LDs (Supplemen-
tal Fig. S6).
To determine whether the increase in LDs occurred in

vivo, we stained the vehicle, CYT387, MK2206, and
CYT387–MK2206-cotreated xenograft tumors for adipo-
philin, which belongs to the perilipin family, members
of which coat intracellular lipid storage droplets and facil-
itate metabolic interactions with mitochondria (Sztalryd
and Kimmel 2014). Consistent with the in vitro data,
the number of adipophilin-positive LDs significantly and
incrementally increased with treatment (as measured on
treatment day 40 in ACHN xenograft tumors;
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(Fig. 6A,B). Since several isoforms of PLA2 exist, we deter-
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Figure 6. Hydrolysis of phospholipid supplies lysophospholipids and fatty acids for cancer cell survival. (A) ACHNcellswere treatedwith
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Undoubtedly, the combination of attenuated proliferation
signals, nutrient depletion, andmetabolic competition for
remaining nutrients kills many cells. Accordingly, our
data demonstrate that glucose, which is tightly regulated
by the PI3K–AKT–mTOR pathway at multiple steps,
became limitingwith treatment,with a resultant decrease
in glycolysis (Engelman et al. 2006; Yecies and Manning
2011; Hu et al. 2016). However, the very same conditions
that give rise to these nutrient-deprived microenviron-
ments also induced autophagy. Consequently, the auto-
phagic catabolism of membrane phospholipids provides a
ready source of free fatty acids that maintains respiration
in subpopulations of cancer cells, therefore enabling their
survival in a low-glucose environment.The increase in fat-
ty acid oxidation and OXPHOS requires redox homeosta-
sis, and this is provided by the concomitant activation of
AMPK, which increases NADPH, with a subsequent mit-
igation of ROS. Collectively, treatment-enforcedmetabol-
ic reprogramming supports cancer cell fitness by providing
fatty acids and NADPH to maximize survival.
Since the rate of autophagic release of fatty acids does

not match the rate of mitochondrial consumption, these
LDs serve a dual purpose: first, as a buffer to reduce lipo-
toxicity by storing lipid intermediates and, second, to
transport these lipids to the mitochondria (Singh et al.
2009; Unger et al. 2010; Rambold et al. 2015). Conse-
quently, these energy-strapped residual cancer cells in-
crease fatty acid oxidation, as it is the most energetically
efficient way to generate ATP. Long-lived cell types
such as cardiac myocytes and memory T cells (Pearce
et al. 2009; Chung et al. 2010) depend on fatty acidmetab-
olism for survival, and we see this as yet another example
of cancer cells hijacking normal physiological processes to
their benefit.
Our screen identified several structurally different Ja-

nus family kinase inhibitors that inhibited mTORC1
and induced autophagic flux. While serendipitous, these
findings are not unexpected, as small molecules inhibit
several kinases and would directly and/or indirectly inter-
dict the PI3K–AKT–mTOR pathway. To date, JAK inhibi-
tors have been approved for and/or are undergoing late
stage clinical trials in MPN, including the focus of this
study, CYT387 (momelutinib) (Patel et al. 2016; Winton
and Kota 2017). However, complete cytogenetic or molec-
ular responses with JAK inhibitors have not been ob-
served, with clinical benefit mainly resulting from
improved performance status due to reduced cytokine lev-
els rather than the elimination of cancer cells (Verstovsek
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High-content imaging

A seven-point dilution series of 116 small molecule inhibitors
covering a 1000× concentration range was plated into three 384-
well plates using the EP Motion automated dispensing system.
Control wells with equal volumes of DMSO were included as
negative controls. ACHN cells were grown, trypsinized, counted,
and plated directly into warm drug plates using a Multidrop
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manufacturer’s protocol, with 150 µg of protein being used for
each experiment. Signal intensity was calculated using a LI-
COR Odyssey imaging system, and fluorescent intensity was
quantified using the Odyssey software where indicated.

In vitro 18F-FDG uptake assays

18F-FDG was purchased from the radiopharmacy at University of
California at San Francisco. SN12C or ACHN cells (5 × 105 cells)
were plated and exposed to vehicle or drug for 24 and 48 h, where-
upon the cells were incubated with 0.5 �Ci of 18F-FDG for 1 h at
37°C. The 18F-FDG in the medium and the intracellular 18F-FDG
were isolated and counted using a � counter. The intracellular 18F-
FDG was expressed as a percentage of the total activity added to
cells normalized to the cell number.

Metabolomic profiling of cancer cells

Metabolomic data and single-reaction monitoring (SRM) transi-
tions were performed as described previously (Camarda et al.
2016) and are in Supplemental Table 13. Briefly, 2 million cells
were plated overnight and serum-starved for 2 h prior to harvest-
ing, after which cells were washed twice with PBS, harvested by
scraping, and flash-frozen. For nonpolar metabolomic analyses,
flash-frozen cell pellets were extracted in 4 mL of 2:1:1 chloro-
form/methanol/PBS with internal standards: 10 nmol of dodecyl-
glycerol and 10 nmol of pentadecanoic acid. Organic and aqueous
layerswere separated by centrifugation, and the organic layer was
extracted. The aqueous layer was acidified with 0.1% formic acid
followed by re-extractionwith 2mLof chloroform.The secondor-
ganic layerwas combinedwith the first extract and dried under ni-
trogen, after which lipids were resuspended in 120 µL of
chloroform. A 10-µL aliquot was then analyzed by both SRM-
based LC-MS/MS or untargeted LC-MS. For polar metabolomic
analyses, frozen cell pellets were extracted in 180 µL of 40:40:20
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