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Abstract

There remains intense interest in tractable approaches to target or silence the KRAS oncoprotein 

as a rational therapeutic strategy to attack pancreatic adenocarcinoma (PDAC) and other cancers 

which overexpress it. Here we provide evidence that accumulation of the KRAS oncoprotein is 

controlled by a self-regulating feed-forward regulatory loop that utilizes a unique hypusinated 

isoform of the translation elongation factor eIF5A and the tyrosine kinase PEAK1. Oncogenic 

activation of KRAS increased eIF5A-PEAK1 translational signaling, which in turn facilitated 

increased KRAS protein synthesis. Mechanistic investigations shows that this feed-forward 

positive regulatory pathway was controlled by oncogenic KRAS-driven metabolic demands, 

operated independently of canonical mTOR signaling, and did not involve new KRas gene 

transcription. Perturbing eIF5A-PEAK1 signaling, by genetic or pharmacologic strategies or by 

blocking glutamine synthesis, was sufficient to inhibit expression of KRAS, eIF5A, and PEAK1, 

attenuate cancer cell growth and migration, and block tumor formation in established preclinical 

mouse models of PDAC. Levels of KRAS, eIF5A, and PEAK1 protein increased during cancer 

progression with the highest levels of expression observed in metastatic cell populations. 

Combinatorial targeting of eIF5A hypusination and the RAS-ERK signaling pathway cooperated 

to attenuate KRAS expression and its downstream signaling along with cell growth in vitro and 

tumor formation in vivo. Collectively, our findings highlight a new mechanistic strategy to 

attenuate KRAS expression as a therapeutic strategy to target PDAC and other human cancers 

driven by KRAS activation.
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Introduction

Eukaryotic translation initiation factor 5A (eIF5A) is an 18-kDa protein that we and others 

have shown to control cancer cell growth and migration [1–7]. eIF5A is highly conserved 

from archaea to humans and is essential for normal mammalian development, modulates 

translation elongation, mRNA transport, and is important for cell-cycle progression as well 

as proliferation. Emerging evidence indicates that the primary function of eIF5A is not to 

regulate global protein synthesis, but rather to fine-tune the expression of subsets of proteins 

required by hyper-proliferating cancer cells, which have significant demands for oncogenic 

and metabolic proteins. Increased demands for such proteins may explain why eIF5A 

expression is increased in several cancers, including glioblastoma, leukemia, liver, colon, 

lung, cervical, ovarian cancer, and pancreatic ductal adenocarcinoma (PDAC) [1–7].

eIF5A’s ability to mediate mRNA translation is regulated by a unique posttranslational 

modification called hypusination [1–7]. Hypusine (N-(4-amino-2-hydroxybutyl)lysine) is 

formed when deoxyhypusine synthase (DHPS) catalyzes the transfer of the butylamine 

portion of spermidine to the ε-amino group of a specific lysine substrate of eIF5A (sFig. 1). 

Carbon 2 of the transferred 4-aminobutyl moiety is then hydroxylated by deoxyhypusine 

hydroxylase (DOHH). GC7 (N(1)-guanyl-1,7,-diamineoheptane) is an inhibitor of DHPS 

and DFMO (α-difluoromethylornithine) is an inhibitor of ornithine decarboxylase (ODC), 

which prevents spermidine synthesis [8–10]. Both drugs inhibit eIF5A hypusination leading 

to decreased cancer cell growth, differentiation, and metastasis. eIF5A proteins are therefore 

attractive therapeutic targets for cancer treatment because they are upregulated in 

proliferating cancer cells, regulate synthesis of cancer-related proteins, and are the only 

proteins known to be modified by hypusination [11–13].

Our previous work showed that eIF5A1 (eIF5A) is upregulated in human PDAC tissues and 

in malignant pancreatic cancer tissues isolated from Pdx-1-Cre: LSL-KRASG12Dmice in a 

KRas-dependent manner [4, 14–16]. Blocking eIF5A hypusination with GC7 or RNAi-

mediated knockdown of eIF5A in PDAC cells inhibited their growth in vitro and orthotopic 

tumor growth in vivo, whereas amplification of eIF5A protein increased PDAC cell growth 

and tumor formation in mice. Hypusinated eIF5A regulates PDAC cell growth by 

modulating the expression of PEAK1, a tyrosine kinase essential for PDAC cell growth and 

gemcitabine resistance. PEAK1 is a cytoskeleton-associated nonreceptor tyrosine kinase that 

plays an essential role in driving PDAC malignancy in cooperation with eIF5A [14, 16]. 

Like eIF5A, PEAK1 expression is induced by oncogenic KRAS and is amplified in PanINs 

from Pdx-1-Cre: LSL-KRASG12D mice, and in many PDAC patient tissues samples [14–16]. 

Blockade of PEAK1 function also inhibits eIF5A expression and prevents PDAC growth and 

progression. Both eIF5A and PEAK1 expression increase during PDAC cancer progression 

and are maintained at high levels in metastatic disease. Proteomic analyses of PDAC cells 

indicated that eIF5A/PEAK1 signaling coordinately regulate cytoskeleton and protein 

synthesis pathways [14–16]. While eIF5A-PEAK1 signaling is sufficient to drive increased 

PDAC growth and progression, this process is poorly understood. Here we demonstrate that 

oncogenic KRas protein expression is controlled by a self-regulating positive feedforward 

mechanism mediated by eIF5A-PEAK1 signaling. This pathway operates in response to 
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increased metabolic and energy demands needed to drive KRas-dependent cancer cell 

proliferation and migration.

Materials and Methods

Animals

All animals were treated according to the University of California San Diego animal welfare 

guidelines as described and approved by the UCSD Institutional Animal Care and Use 

Committee (S12005).

Cell lines

The 779E PDAC cell line (obtained from A.M. Lowy, Moores Cancer Center, UCSD, La 

Jolla CA.) was recently established from a moderate-to-poorly differentiated patient-derived 

tumor that harbored KRasG12F mutation [14–16]. The 1334 cell line (obtained from A.M. 

Lowy, Moores Cancer Center, UCSD, La Jolla CA.) was recently established from a PDAC 

patient liver metastasis and harbors mutated KRasG12D [14–16]. Both of the cell lines were 

authenticated as PDAC by validating mutations in the KRas gene and by assessing the 

histology of tumors derived from xenografted lines [14–16]. The FG cell line is a well-

differentiated PDAC line that harbors mutated KRASG12D, and was authenticated by 

assessing cell morphology, the KRASG12D mutation and cell doubling time, and was kindly 

provided by Dr. David Cheresh, (Moores Cancer Center, UCSD). The FGM cell line is a 

highly metastatic variant of FG [15]. PDA4964, PDAA4964-LM, and PDA4313 cells were 

provided by A.M. Lowy, (Moores Cancer Center, UCSD). Murine PanIN PDA4313 cells 

were isolated from a mouse PanIN (Pdx1-cre; LSL-KrasG12D/+). Murine PDA4964 cells 

were derived from an established primary PDAC tumor (Pdx1-cre; LSL-KrasG12D/+; 

p53R172H/+), and PDA4964-LM cells were isolated from a matched spontaneous liver 

metastasis isolated from PDA4964 cells derived from the Pdx1-cre; LSL-KrasG12D/+; 

p53R172H/+ mouse model [14–17]. A549, HPAF-II, PANC1, RD, SW1990, T-24, Colo205, 

Caco-2, and H1792 cells were obtained from the American Type Tissue Culture Collection 

(ATCC) between 2008–2017 and have been subcultured for less than 16 passages, and not 

further authenticated. These cell lines were cultured and passaged according to ATCC 

recommendations. HPNE, mouse embryonic fibroblast, and human fibroblast cells have 

been previously described and authenticated [14, 16].

DNA constructs, viruses, antibodies, and reagents

Antibodies directed at anti-eIF5A (Ab32443), anti-GAPDH (Ab22555), anti-PAN Ras 

(Ab52939), anti-GLUD1 (Ab55061) were from Abcam. Anti-NRas (Sc-31), Anti-KRas 

(Sc-30) and anti-HRas (Sc-520) were from Santa Cruz Biotechnology. Anti-HRas (18295–1-

AP) was from Proteintech. Anti-PEAK1 (09–274), and the antibody specifically recognizing 

hypusinated eIF5A (ABS1064) were from Millipore. Anti-c-Myc (#5605), anti-tubulin 

(#3873), Anti-Erk (#9102) and Anti-P-Erk1/2 to the phosphorylated/activated form of Erk 

(#9101) were from Cell Signaling. Anti-GOT1 (NBP1–54778) was from Novus.

Constructs encoding shRNAs that target eIF5A1 and eIF5A2 have been previously described 

and were purchased from Thermo (V3LHS_341459, V3LHS_360415) and Sigma 

Fujimura et al. Page 3

Cancer Res. Author manuscript; available in PMC 2019 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(TRCN0000062548, TRCN0000147855) [14–16]. Pre-made shRNA lentiviral particles 

targeting Kras has been previously described and was purchased from Santa Cruz (sc-35731)

[15]. The siRNA targeting eIF5A1 was purchased from Thermo (M-015739–00–0005), 

eIF5A2 and PEAK1 siRNA were from Sigma (SASI_Hs01_00211442 and 

SASI_Hs02_00357289, respectively). The siRNA targeting KRas was from Qiagen 

(SI02662051). siRNA to GOT1, HRas, and NRas were from Darmacon. Cell lines stably 

expressing shRNA eIF5A was generated by puromycin selection (1 μg/ml) after transfection 

using PEI (Polyethylenimine) or transduction by lentivirus, as described previously [14–16]. 

Transient transfection was performed by PEI as described previously [14–16]. siRNA 

transfection was performed using RNAiMAX (Invitrogen) according to the manufacturer’s 

instructions. GFP-PEAK1 gene and control GFP gene were purchased from Sirion Biotech 

(Germany).

GC7 (N1-guanyl-1, 7-diaminoheptane) was from EMD Millipore, and AOA 

(aminooxyacetate), EGCG (epigallocatechin gallate), DFMO (α-difluoromethylornithine) 

were purchased from Sigma. KRasG12C, MEK (AZD6244 and Trametinib) and mTORC1 

inhibitors (rapamycin and RAD001) were purchased from Selleck Chemicals.

GTPase assays

A Ras Activation Assay Kit (ab211159, Abcam) containing RBD Agarose beads was used to 

pull down and monitor the active RasGTP forms of KRas, NRas and HRas. Subsequently, 

the precipitated active RasGTP was detected by western blot analyses using anti-KRas, 

HRas, and NRas antibodies according to the manufacturer’s protocol. The ratio of activated 

GTP to total RAS isoform expression was determined for each sample using densitometry 

and Image J.

Migration Assay

Migration was determined as previously described using Corning 8.0 μm porous filters 

coated with 10 μg/ml fibronection [14–16]. Migrated cells on the lower surface were stained 

with 0.05% crystal violet, and the number of cells migrated to the lower surface were 

counted by microscopy. In some cases, normal or dialyzed 10% FBS was placed in the lower 

chamber as a chemoattractant.

Quantitative RT-PCR

mRNA extraction, purification, DNA synthesis, and quantitative reverse transcription PCR 

(qPCR) were performed as described previously [14–16].

Western blotting

Cell extracts were prepared in RIPA buffer (Cell Signaling Technology) containing complete 

protease inhibitor cocktail (Roche). Protein concentrations were determined by 

bicinchoninic acid assay (Pierce). Equal amounts of cell extracts were resolved by SDS-

PAGE, transferred to nitrocellulose membranes, and probed with appropriate primary and 

HRP-conjugated secondary antibodies. Where necessary, membranes were stripped using 

Restore Western Blot Stripping Buffer (Thermo) and reprobed with a different antibody as 

previously described [14–16].
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Cell growth, colony forming assays, Gln deprivation, and in vitro growth analysis

Clonogenic assays were performed as described previously [14–16]. Briefly, equal number 

of cells (2500–5000 cells per well) were plated in 24-well plates and subjected to vehicle or 

drug treatment as indicated. Subsequently, cells were fixed with ice-cold methanol, and 

stained with 0.05% crystal violet solution. Colony areas of the stained cells were quantified 

by ImageJ software or the dye eluted with 10% acetic acid and the relative growth 

determined using spectrophotometry at 595nm. For relative cell growth assays, cells were 

plated in 24-well plates at 2,000–2500 cells per well. To deprive cells of Gln, cells were first 

plated in complete culture media (10 mM glucose and 2 mM Gln), which was subsequently 

exchanged with Gln-free medium supplemented the following day with dialyzed 10% FBS. 

Cells were allowed to grow for the indicated times then either lysed for western blotting or 

fixed in methanol and stained with 0.05% crystal violet. The dye was extracted with 10% 

acetic acid and the relative proliferation determined by spectrophotometry at 595 nm.

Protein synthesis and degradation assays

Protein synthesis and degradation of KRas and tubulin was determined as previously 

described [18]. Briefly, subconfluent cells were starved for 24 h in media without 

methionine. Cells were then supplemented with the same medium with 100 μCi/ml of 35S-

methionine (NEN Life Science Products, Inc.) for 6 h. Cell lysates were immunoprecipitated 

with anti-KRas antibody (Santa Cruz) and the KRas bands, after autoradiography, were cut 

out from the membrane and counted in a liquid scintillation counter. For stability 

determination, cells were starved for 24 h in methionine-free media then supplemented with 

100 μCi/ml of 35S-methionine (NEN Life Science Products, Inc.) for 6 h. After extensive 

washing, cell lysates were prepared at the indicated times and then immunoprecipitated with 

an anti-KRas antibody. After autoradiography, the KRas bands were cut from the membrane 

and counted in a scintillation counter.

Subcutaneous and orthotopic implantation experiments

Subcutaneous implantation of tumor cells were performed as described previously, by 

injecting 1×106 779E cells to the left flank of 4–6 weeks old female athymic mice [14–16]. 

Tumors were allowed to grow for 12 days, and subsequently the animals were randomized 

and subjected to drug administration (GC7, 25mg/kg, daily; and AZD6244, 25mg/kg, every 

other day). Tumor size was measured using a digital caliper, and tumor volume (V) was 

calculated using the equation V = LW2/2, where W is width and L is length. Orthotopic 

implantation experiments were performed essentially as described previously [14–16]. 

Briefly, 4–6 weeks old female B6/129 mice were anesthetized by intramuscular injection of 

ketamine, the left lateral flank shaved, and a small incision made through the skin and 

peritoneum. 1×106 PDA4964 cells expressing shRNAs were injected into the tail of the 

pancreas in a total volume of 10 μL of PBS using a Hamilton syringe. The pancreas was 

returned to the abdomen, and the peritoneum and skin were closed using Polysorb surgical 

suture. The mice were sacrificed at the indicated time points, and the primary tumor weight 

was measured.
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Combination index calculation

Combination index (CI) was calculated using Compusyn (Combosyn, Inc.; http://

www.combosyn.com/), a freely accessible software that allows calculation of combination 

index based on the Chou-Talalay method [19]. CI provides quantitative definition for 

additive effect (CI = 1), synergism (CI < 1), and antagonism (CI > 1) in drug combinations.

Statistical analysis

All quantified data were plotted and analyzed in GraphPad Prism 6.0 with ANOVA, 

Student’s t-test, or nonlinear regression analysis. Data are representative of at least 3 

independent experiments and are reported as mean +/− SD, and * = P<0.05, **=P<0.01 

Student’s t test.

Results

KRas protein expression is controlled by a self-regulating feedforward mechanism 
mediated by eIF5A-PEAK1

While we previously reported that eIF5A and PEAK1 work cooperatively to drive PDAC 

growth and migration, the mechanisms are not known. Since KRas mutations are the 

primary driver in the majority (>90%) of PDAC cases, we investigated the possibility that 

eIF5A-PEAK1 could regulate KRas expression in a panel of cancer cell lines, which are 

KRas dependent or independent for cell growth [20] KRas dependency was first confirmed 

in these cells by shRNA-mediated depletion of KRas (sFig. 2A). Strikingly, 6 of 7 KRas-

dependent cell lines and the moderately KRas- dependent cell line PANC1 showed 

decreased KRas protein expression in response to eIF5A knockdown using two independent 

shRNAs (Fig. 1A, sFig. 2B). Erk activation was inhibited in the majority (5 of 8) of these 

cells lines (Fig. 1A). Of the KRas independent cell lines, SW1990 PDAC cells showed no 

change in KRas expression or Erk activation whereas the lung carcinoma cell line A549 

showed reduced KRas expression, but no change in Erk activity upon eIF5A knockdown. 

Therefore, eIF5A is required for KRas expression and Erk activity in the majority of KRas 

dependent cancer cell lines, which includes 6 of 7 KRas-dependent PDAC cell lines.

We also examined eIF5A’s ability to regulate wild type KRas expression in cancer cell lines 

as well as normal mouse embryonic fibroblast cells (MEFs). eIF5A depletion did not alter 

KRas expression in MEFS or two of three cancer cell lines examined (sFig. 2C). These 

findings suggest that eIF5A does not regulate wild type KRas expression in normal cells, 

whereas wild type KRas expression in cancer cells is mediated by eIF5A in a context 

dependent manner. Given the prevalence of KRas in mediating PDAC, we focus here on the 

role of eIF5A in PDAC cells expressing mutated KRas. Under these conditions depletion of 

eIF5A or treatment with GC7 or DFMO, which blocks eIF5A hypusination, inhibited KRas 

expression in PDAC cell lines, and inhibited PDAC tumor cell growth in vitro and in vivo 
(Fig. 1A-E, sFig. 2B,D, and E). These findings indicate that hypusinated eIF5A is necessary 

for proper KRas expression in multiple PDAC cell lines in vitro and in vivo.

Interestingly, KRas depletion in PDAC cells inhibits eIF5A and PEAK1 protein expression, 

indicating that eIF5A-PEAK1 expression are also regulated downstream of KRas (Fig. 1F) 
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[14]. Consistent with these findings, eIF5A or PEAK1 overexpression in PDAC cells 

increased KRas expression, Erk signaling, and cell growth (Fig. 1G-I). Importantly, siRNA-

mediated KRas depletion inhibited eIF5A- and PEAK1-induced PDAC cell growth in vitro, 

indicating this response was mediated by increased KRas expression (Fig. 1H and J). 

Exogenous expression of eIF5A and PEAK1 together in 779E cells synergistically increased 

KRas expression levels and cell growth (Fig. 1K). Together these findings indicate that KRas 

upregulates PEAK1 and eIF5A expression, which in turn, upregulate KRas expression in a 

positive feedforward loop, to increase PDAC cell growth.

PEAK1-eIF5A-hypusine signaling is required for KRasG12D-induced endogenous NRas and 
HRas protein expression

KRas activation in tumor cells has been shown to increase expression of endogenous of Ras 

isoforms (NRas, HRas), which play an important downstream role in growth, migration, 

chemokine sensing, and DNA damage responses [21, 22]. Therefore, we investigated if 

KRas-eIF5A-PEAK1 signaling regulated NRas and HRas expression in PDAC cells with 

activated KRas. HPNE cells are immortalized nestin-positive pancreatic cells commonly 

used to study transformation and signaling induced by activated KRas [15]. We previously 

reported that de novo expression of KRasG12D in HPNE cells increases PEAK1 and eIF5A 

expression as well as growth in soft agar [15]. Interestingly, HPNE-KRasG12D, but not 

HPNE cells overexpressing KRas wild type constructs, show increased expression of 

endogenous HRas and NRas proteins with increased GTPase activity compared to HPNE 

cells without KRasG12D (Fig. 2A and B). Importantly, KRas knockdown in these cells 

decreased NRas and HRas expression, indicating that this response was KRas dependent 

(Fig. 2A, lower panel). siRNA-mediated knockdown of HRas or NRas in HPNE-KRasG12D 

HPAF-II, and 779E cells significantly inhibited cell growth, indicating that these Ras 

isoforms are required for mutant KRas-driven PDAC cell growth (Fig. 2C, sFig. 2F). A 

second antibody (18295-AP) was used to validate HRas expression by western blotting since 

in some cells anti-HRas antibody sc-520 can react with an unknown 21kD band (Fig. 2C, 

sFig. 2G) [23]. GC7 treatment and shRNA-mediated depletion of eIF5A in Panc1, 779E, and 

PDA4964 cells also reduced NRas and HRas expression (Fig. 2D). Importantly, treatment of 

non-cancerous HUVEC or MEF cells with GC7 inhibited eIF5A hypusination, but did not 

inhibit cell growth or Ras expression as detected by a pan-Ras antibody (Fig. 2E and F). 

Together these findings indicate that mutational activation of KRas promotes increased 

PEAK1-eIF5A signaling, which in turn drives forward increased expression of endogenous 

HRas and NRas proteins necessary for PDAC cell growth. Interestingly, a PEAK1-eIF5A-

mediated feedforward loop may also operate in other Ras-driven cancers. T-24 is a bladder 

cancer cell line known to be driven by mutated HRasG12V and RD is a rhabdomyosarcoma 

cell line driven by mutated NRasQ61H [24–26]. shRNA-mediated eIF5A knockdown in these 

cells inhibited growth and reduced the expression of KRas, NRas, and HRas (Fig. 2G). 

Conversely, exogenous expression of eIF5A in these cells lines increased KRas, NRas, and 

HRas expression leading to increased cell growth in vitro (Fig. 2H).

eIF5A-PEAK1 signaling mediates KRas protein synthesis, but not gene transcription

We first investigated whether PEAK1 and eIF5A regulate KRas mRNA expression in PDAC 

cell lines using qPCR. However, KRas, NRas, HRas mRNA levels as were not significantly 
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altered in PDAC cells depleted of eIF5A, treated with GC7, or induced to overexpress eIF5A 

(sFig. 3A-C). Furthermore, HRas and NRas mRNA levels were similar in HPNE-KRasG12D 

and HPNE cells, and treating HPNE-KRasG12D cells with GC7 did not change Ras mRNA 

expression levels (sFig. 3 D &E). These findings demonstrate that PEAK1-eIF5A signaling 

does not regulate KRas, HRas, and NRas gene transcription.

Because PEAK1-eIF5A signaling does not regulate Ras gene transcription, we next 

investigated whether it regulates protein synthesis of KRas, NRas, and HRas. TORC1 

signaling is known to play a critical role in promoting pro-oncogenic protein translation in 

many cancers [27–29]. The TORC1 signaling cascade is activated by phosphorylated AKT 

and results in phosphorylation of eIF4E-binding protein (4EBP) and p70S6 kinase (S6K1), 

which leads to overall mRNA translation [27–29]. To determine whether Ras protein 

expression is under the control of TORC1, we assessed the effect of rapamycin and its 

analogue RAD001 on Ras protein expression in PDAC cells [30–32]. Strikingly, even 

though cells were treated for extended periods of time (72–96 hrs), rapamycin and RAD001 

did not significantly inhibit cell growth or KRas, NRas, and HRas expression, whereas it did 

inhibit S6K1 phosphorylation indicating that TORC1 was inhibited in these cells (sFig. 4A 

& B). These findings indicate that Ras mRNA translation and protein synthesis are not under 

control of canonical TORC1 signaling in PDAC cells. In contrast, PDAC cells depleted of 

eIF5A showed significantly reduced KRas protein synthesis compared to control cells 

whereas exogenous expression of eIF5A in PDAC cells significantly increased KRas protein 

synthesis compared to control cells (sFig. 4C and D). The KRas protein degradation rate was 

similar in control and eIF5A-depleted PDAC cells (sFig. 4E). Furthermore, KRas protein 

expression and cell growth remained suppressed in eIF5A-depleted cells compared to 

control cells even after transfection with exogenous KRasG12D (sFig. 4F and G). In fact, 

there was a greater than 3-fold increase in KRas mRNA, but only a modest increase in KRas 

protein expression and growth in eIF5A knockdown cells compared to KRas G12D 

transfected cells (sFig. 4F and G). Considering that exogenous KRasG12D expression in 

eIF5A knockdown cells further increased endogenous eIF5A protein levels, presumably due 

to incomplete eIF5A protein depletion (80–90%) and positive feedforward regulation by 

KRas-eIF5A (Fig 1. G-I), we conclude that eIF5A plays a significant role in regulating KRas 

protein expression and PDAC cell growth. Together, these findings indicate that eIF5A 

regulates KRas protein synthesis independent of TORC1 without altering gene transcription 

and protein degradation.

Increased KRas-eIF5A-PEAK1 feedforward signaling correlates with cancer progression 
and metastasis

We previously demonstrated that increased eIF5A and PEAK1 expression correlates with 

increased cancer progression and metastasis in the KC and KPC mouse models of PDAC, 

staged human PDAC tissues arrays, and patient cancer databases [14–16]. These findings 

suggest that KRas-eIF5A-PEAK1 feedforward amplification may contribute to regulation of 

KRas expression and cancer progression. To investigate this possibility, we used cell lines 

derived from KC (Pdx-1-Cre;LSL-KrasG12D/+) and KPC (LSL-KrasG12D/+;LSL-
Trp53R172H/+;Pdx-1-Cre) mouse models of PDAC progression [14–17]. PDA4313 (PanIN 

stage KC-4313), PDA4964 (KPC primary tumor, KPC-4964), and PDA4964-LM cells 
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(KPC-derived spontaneous liver metastasis, KPC-LM) when transplanted into immune 

competent hosts faithfully recapitulate the histopathologic steps in human disease 

progression, including PanIN development, ductal carcinoma, local invasion, and 

spontaneous metastases to the liver in a highly predictable manner [17]. Using these model 

cell lines, we found that KRas protein, but not mRNA levels, increase during cancer 

progression with the highest expression observed in the metastatic KPC-LM cell line (Fig. 

3A and B). The increased KRas expression correlated with increased eIF5A and PEAK1 

expression (Fig. 3A).

To further investigate KRas expression during malignant progression, we utilized human FG 

and FGM PDAC cells. FG cells readily form primary tumors in mice, but display low levels 

of cell migration and metastasis [15]. FGM cells are a highly migratory and metastatic 

variant derived from FG cells that metastasize to multiple organs including the liver. 

Consistent with the KC/KPC model of progression, FGM cells show increased KRas, 

eIF5A, and PEAK1 protein expression compared to parental FG cells (Fig. 3C and D), and 

treatment with GC7 inhibited KRas protein expression, which decreased cell growth and 

migration (Fig. 3E-I).

It is interesting that A549 lung carcinoma cells harbor mutationally activated KRasG12S, but 

display KRas-independent growth (Fig. 4A-C) [24–26]. Similarly, SW1990 human PDAC 

cells harbor mutationally activated KRasG12D, but display KRas-independent cell growth 

(Fig. 4A-C) [24–26]. The role that mutant KRas plays in these cancer cells is not fully 

understood. Depletion of eIF5A in SW1990 cells did not inhibit KRas expression or growth 

(Fig. 4A and B). Also, depletion of KRas did not inhibit eIF5A expression or cell growth, 

indicating that KRas protein expression is not regulated by eIF5A in these cells (Fig. 4A and 

B). In contrast, depletion of eIF5A in A549 cells strongly decreased KRas expression and 

siRNA-mediated KRas depletion inhibited eIF5A expression. Consistent with previous 

reports, KRas depletion did not significantly inhibit A549 cell growth (Fig. 4B and C). 

These findings indicate that the KRas-eIF5A feedforward signaling operates in A549 cells, 

but is not required for cell growth. However, KRas is well known to mediate cell migration 

and cancer metastasis. Interestingly, depletion of eIF5A or KRas in A549, but not SW1990 

cells, potently inhibited cell migration (Fig. 4D-G). Together these findings indicate that 

KRas-eIF5A-PEAK1 feedforward regulation increases during cancer progression where it 

contributes to cancer cell growth and/or migration.

Glutamine metabolism regulates KRas-eIF5A-PEAK1 feedforward signaling to mediate cell 
growth and migration

Cell proliferation and migration increase during cancer progression, which require increased 

synthesis of proteins needed for energy production, metabolic activities, and cytoskeletal 

remodeling. Recent work indicates that PDAC cells use glutamine (Gln) to fuel anabolic 

processes required for energy production, redox balance, and cell growth [33]. Gln 

deprivation inhibits cell growth and induces cell quiescence [33]. We reasoned that KRas 

addiction may hijack eIF5A and PEAK1 to maintain Ras expression at a high level to drive 

forward PDAC cell growth and/or migration. Strikingly, Gln deprivation inhibited PDAC 
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cell growth, migration, and downregulated expression of KRas, NRas, HRas, eIF5A, and 

PEAK1 as well as the cell activation markers Erk and c-Myc (Fig. 5A-D).

In many PDAC cells, transaminases are critical for Gln metabolism whereas glutamate 

dehydrogenase (GLUD1) is dispensable [33]. To determine the role of GLUD1 and 

transaminases in PDAC cell growth, we treated PDAC cells with the GLUD1 inhibitor 

epigallocatechin gallate (EGCG) or the pan transaminase inhibitor aminooxyacetate (AOA) 

[33]. Treatment with AOA, but not EGCG, significantly inhibited PDAC cell growth, 

migration, and downregulated KRas, NRas, HRas, eIF5A, PEAK1 and c-Myc expression 

(Fig. 5E-G). In contrast, treatment of normal human fibroblast cells with AOA did not 

inhibit cell migration, whereas treatment with EGCG did (Fig. 5H). Also, FGM cell 

migration was more sensitive to AOA treatment than FG cell migration, indicating that they 

are more dependent on Gln metabolism for cell migration (Fig. 5I). As expected, Gln 

deprivation did not impact cell growth of A549 or SW1990, which is consistent with the 

KRas-independent mechanism of growth exhibited by these cells (Fig. 6A and B, Fig. 4B 

and C). However, A549 cell migration, which is KRas-dependent, was inhibited by Gln 

deprivation (Fig. 6C). SW1990 cells, which do not require KRas for migration, were not 

altered by Gln deprivation (Fig. 6C). Consistent with these findings, Gln deprivation 

inhibited KRas, eIF5A, and PEAK1 expression in A549, but not SW1990 cells (Fig. 6D). 

Thus, A549 cells use glutamine to fuel cell migration, but not cell proliferation, whereas 

SW1990 cells do not use Gln for either of these processes. Together these findings indicate 

that the KRas-eIF5A-PEAK1 feedforward pathway is regulated by transaminase-dependent 

Gln metabolism which is required for cancer cell growth and migration.

GOT1 Transaminases are required for PDAC cell proliferation and migration

Cancer cells expressing oncogenic KRas upregulate the expression of a number of metabolic 

enzymes including proteins involved in Gln metabolism [33]. Of these proteins, the 

expression of aspartate transaminase GOT1 is increased in a KRas-dependent manner, and is 

the primary enzyme that regulates Gln metabolism and PDAC cell growth [33]. Depletion of 

either KRas or eIF5A in A549 cells inhibited GOT1 expression indicating that GOT1 

expression is under the control of KRAS-eIF5A signaling in these cells (Fig. 6E). We also 

observed increased GLUD1 expression which results from reprogramming of Gln-dependent 

metabolism (Fig. 6E) [33]. In contrast, depletion of either KRas or eIF5A in SW1990 cells 

did not alter GOT1 or GLUD1 expression, which is consistent with the KRas-independent 

growth and migration functions of these cells. (Fig. 6F). Furthermore, siRNA-mediated 

GOT1 knockdown inhibited cell migration, but not proliferation in A549 cells, whereas 

GOT1 depletion in SW1990 cells failed to inhibit cell migration or proliferation (Fig. 6G 

and sFig 5A). Also, GOT1 depletion in 779E cells inhibited cell migration and proliferation, 

which is consistent with their dependency on KRas and Gln metabolism to facilitate these 

cell functions (Fig. 6H). Together these findings indicate that GOT1-mediated Gln-

metabolism is required for cancer cell proliferation and migration.
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Pharmacological inhibition of eIF5A hypusination sensitizes KRas-driven cancer cells to 
KRas-Erk pathway inhibitors

The ability of hypusinated eIF5A to regulate KRas protein expression provides a unique 

opportunity to inhibit KRas-driven tumors using pharmacological inhibitors targeting eIF5A 

and KRas-Erk signaling. Therefore, we investigated whether blockade of eIF5A function 

would render KRas-mutated tumor cells more vulnerable to specific KRas and Erk pathway 

inhibitors. As shown in Fig. 7A and B, combined treatment with GC7 and AZD6244, a well 

characterized MEK inhibitor that is currently in clinical trials, significantly reduced PDAC 

cell growth, compared to vehicle control and single agent treated cells. We further assessed 

the synergistic effect of combined treatment with varying doses of GC7 and a constant dose 

of AZD6244 (1 μM) on PDAC cell growth. For these studies, we calculated the combination 

index (CI) using the theorem of Chou-Talalay [19]. The drugs synergistically inhibit PDAC 

cell growth (Fig. 7C, sFig. 5B). Consistent with these findings, combined treatment with 

DFMO and AZD6244 also synergistically inhibited PDAC cell growth (sFig. 5C).

We next assessed the effect of dual inhibition of eIF5A hypusination and MEK blockade to 

inhibit PDAC cell growth using subcutaneously grown 779E tumors. While administration 

of GC7 or AZD6244 as a single agent did reduce tumor growth, combination treatment with 

both compounds potently suppressed tumor growth without impacting animal viability or 

body weight (Fig. 7D and E). Western blot analyses of protein lysates from tumors showed 

GC7 treatment inhibited KRas expression and AZD6244 blocked Erk activation as expected 

(Fig. 7F). In addition, the combined treatment of DFMO and a KRas-G12C-specific 

inhibitor potently inhibited growth of H1792 lung adenocarcinoma cells, which harbor 

KRasG12C (Fig. 7G, sFig. 5D and E) [34]. Altogether, our data indicate that combination 

therapy targeting eIF5A hypusination and Ras-Erk signaling is a potential strategy to combat 

KRas-driven tumors. However, additional long-term tumor growth, resistance, and animal 

health studies are warranted before the efficacy of targeting this pathway can be truly 

determined.

Discussion

Our findings uncover a unique feedforward mechanism whereby oncogenic KRas can 

modulate its own expression level in PDAC cells by hijacking eIF5A-PEAK1-mediated 

translation. This feedforward mechanism modulates KRas expression according to metabolic 

and energy demands required for PDAC cell proliferation and migration (sFig. 6). PDAC 

cells addicted to activated KRas may have evolved a self-adjusting mechanism to maintain 

optimal levels of KRas to avoid cell senescence, while supporting cell growth, metabolism, 

and migration (sFig. 6). Indeed, KRas, eIF5A, and PEAK1 levels increase during PDAC 

progression and are elevated in highly metastatic cell variants. Furthermore, eIF5A and 

PEAK1 expression increase during PDAC cancer progression and correlate with patient 

outcome [14]. In addition, a KRas self-regulating mechanism may be important for 

controlling the total threshold of Ras signaling output in cells. Our findings show that KRas-

eIF5A-PEAK1 signaling controls NRas and HRas expression, which are required for PDAC 

cell growth.
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Interestingly, a PEAK1-eIF5A-mediated feedforward loop may also operate in other cancers 

driven by mutated Ras family members including oncogenic HRas and NRas (Figure 2G-H). 

Our findings support the emerging idea that oncogenic Ras signaling output itself is not just 

a simple on-off binary switch, but rather is the sum population of Ras molecules in a cell 

that act in concert, much like a rheostat, to modulate signal strength and output. Total Ras 

(KRas, HRas, NRas) protein abundancy has been shown to be a contributing factor in 

determining oncogenic potency in PDAC and other cancers, but the mechanisms that 

mediate this response are not understood [35–37]. In addition, extracellular factors from the 

tumor stroma can further drive Ras signaling to promote cancer development and disease 

progression [36]. Our findings support the notion that KRas protein expression levels are 

modulated in response to changes in extracellular Gln. These findings indicate that normal 

and oncogenic Ras proteins are much more plastic than originally thought, and can self–

adjust their expression levels according to the demands of the cell and/or extracellular 

environment.

Our work supports emerging data that KRas mRNA translation is uniquely regulated due to 

structural constraints. For example, KRas possesses G-quadruplex motifs in the 5′UTR, 

which complicates the assembly of the translation initiation machinery at the 5′ cap of the 

mRNA and can perturb ribosome scanning of start codons [38–41]. As its name implies, 

eukaryotic translation initiation Factor 5 (eIF5A) has been implicated in regulating 

translation initiation and, thus could play a novel role in KRas mRNA translation initiation 

by alleviating the natural structural constraints imposed by G-quadruplex structures at the 

ribosome mRNA interface [2, 3, 5–7]. Also, rare codon usage reduces efficiency of 

translation elongation, and KRas is unusually enriched for rare codons [42]. As eIF5A has 

been shown to increase elongation efficiency, it is conceivable that eIF5A could relieve 

inefficiencies of KRas translation elongation due to rare codon usage. In addition, eIF5A’s 

ability to travel to the nucleus, bind RNA, and selectively export specific mRNAs to the 

cytoplasm in a hypusine-dependent manner could provide another level of KRas regulation 

[43–47]. Thus, KRas translation is uniquely complex and additional mechanistic work is 

warranted to determine eIF5A’s precise role in this process.

Recent work indicates that Gln and GOT1/GOT2 transaminases are uniquely utilized by 

KRas to fuel anabolic processes necessary for PDAC cell growth [33]. Similarly, we found 

that KRas-dependent PDAC cells deprived of Gln are static and do not grow. However, we 

also discovered that PDAC cells require Gln metabolism for cell migration. While it is 

generally appreciated that cancer cell movement is an energy demanding process, the 

metabolic mechanisms responsible are not well defined, especially in PDAC, which is 

characterized by highly invasive and metastatic properties. Previous work showed that 

inhibiting mitochondria function reduces cell invasiveness whereas pyruvate metabolism 

increases cell invasion [48]. Gln metabolism has been shown to be a key mitochondrial 

substrate driving ovarian cancer migration, invasion, and metastasis [48]. Our findings show 

that Gln metabolism is also a key metabolic process mediating PDAC cell migration which 

is regulated by KRas-eIF5A-PEAK1 feedforward signaling. Gln deprivation, 

pharmacological inhibition of transaminases, or GOT1 knockdown in PDAC or A549 lung 

cancer cells blocked cell migration and reduced KRas-eIF5A-PEAK1 expression. Also, 

highly metastatic FGM cells showed increased KRas-eIF5A-PEAK1 expression and were 
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more sensitive to transaminase inhibition by AOA compared to low metastatic FG cells. 

These findings suggest that metastatic cells may be more dependent on Gln metabolism and 

energy production, most likely due to their hyperactive cell migration machinery.

Possible clinical applications of our work are based on the fact that DFMO and GC7 

attenuate oncogenic, but not wild type Kras protein in PDAC. DFMO is an FDA approved 

drug to treat African trypanosomiasis and excessive facial hair growth in women [8–10, 49]. 

DFMO inhibits ODC activity, polyamine biosynthesis, and spermidine production, which is 

necessary for eIF5A hypusination. Importantly, recent work showed that ODC levels and 

polyamine biosynthesis are increased in PDAC, and that treating p48Cre/+-LSL-KRasG12D/+ 

mice with DFMO inhibits PDAC development and progression [49]. Furthermore, our 

findings demonstrate that DFMO and GC7 can each inhibit eIF5A hypusination effectively 

attenuating the KRas-induced feedforward expression and PDAC cell growth. Even more 

important, we found that downregulation of KRas expression by DFMO or GC7 

substantially increased the susceptibility of KRas-driven PDAC cells to inhibitors targeting 

Ras-Erk signaling. In fact, in vitro growth assays indicate that DFMO and GC7 work 

synergistically with the Ras-Erk pathway inhibitors to prevent PDAC cell growth. These 

findings suggest that targeting both the hypusine pathway and KRas-Erk signaling could 

provide a unique mechanism to treat PDAC in the clinic. DFMO could be readily 

repositioned for PDAC, and several Ras-Erk pathway inhibitors are available or being 

developed for the clinic.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
eIF5A-PEAK1 signaling regulates KRAS protein expression. A, eIF5A-PEAK1 regulates 

KRas protein expression. The indicated cancer cells stably expressing lentiviruses encoding 

control shRNA (−) or shRNA to eIF5A (sh-eIF5A) were western blotted (WB) for the 

indicated proteins. P-Erk1/2 = phosphorylated activated Erk 1 and 2 kinases. + = relative 

dependency or on KRas for cell growth. +/− = moderate dependency on KRas for cell 

growth. − = independent of KRas for cell growth. B, Syngeneic orthotopic tumor growth of 

PDA4964 cells in B6/129 mice expressing control or eIF5A shRNA (sh5A). Tumors were 
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resected at two weeks, weighed, and WB for the indicated proteins as in A. C, The indicated 

cells were treated with 20 μM GC7 for 48 hours and then WB for the indicated proteins. 5A-

hyp = hypusinated/activated form of eIF5A. D, 779E human PDAC subcutaneous tumors 

were allowed to grow for 10 days in nude mice then treated with vehicle (Ctrl, PBS, n=7) or 

GC7 (25 mg/kg daily, n=8). Tumor volume was measured with a digital caliper. E, Tumors 

from D were excised and WB for the indicated proteins. F, The indicated PDAC cells were 

treated with siRNA to KRas or control siRNAs (−) and WB for the indicated proteins. G, 

The indicated PDAC cells were infected with a lentivirus encoding eIF5A and WB for the 

indicated proteins. H, siRNA-mediated KRas knockdown in 779E cells treated as in G and 

examined for colony growth in vitro and WB for the indicated proteins. Results are relative 

to control siRNA cells. Inset = picture of colonies stained with crystal violet. I, 779E cells 

stably expressing lentiviruses encoding PEAK1 or control vectors and WB for the indicated 

proteins. J, siRNA-mediated KRas knockdown in 779E cells treated as in I and examined for 

colony growth in vitro and WB for the indicated proteins. K, 779E cells induced to express 

eIF5A, PEAK1, or both eIF5A and PEAK1, and examined for cell growth in vitro. Results 

are relative to control cells transfected with empty vectors. * = P<0.05, **=P<0.01, 

Student’s t test.
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Figure 2. 
KRas-eIF5A-PEAK1 regulates NRas and HRas protein expression. A (Upper panel) and B, 

HPNE or HPNE cells expressing KRasG12D oncogene or KRas wild type (WT) and WB for 

the indicated proteins. Numbers show fold increase in GTPase activity (GTP:GDP ratio of 

KRasG12D+/KRas endogenous or KRasWT/KRas endogenous) determined using a standard 

GST-RBD domain pull-down assay. Lower panel of A, siRNA-mediated KRas knockdown 

in HPNE cells expressing KRasG12D and WB for the indicated proteins. C, siRNA HRas or 

NRas knockdown in HPNE-KRasG12D cells and examined for cell growth in vitro and WB 
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for the indicated proteins. HRas was detected with two different antibodies, sc-520, and 

18295-AP. D, Upper panel, the indicated PDAC cells stably express lentiviruses encoding 

control shRNA (−) or shRNA to eIF5A (sh-eIF5A) and WB for the indicated proteins. 

Lower panel, the indicated cells were treated with 20 μM GC7 for 48 hours and then WB 

for the indicated proteins. E and F, Human umbilical vein cells (HUVEC) or mouse 

embryonic fibroblast cells (MEFs) were treated with or without GC7 (20 μM) for 48 hrs and 

WB for the indicated proteins or examined for cell growth. Results are GC7 treated cell 

relative to vehicle control. Ras-P was detected with a pan Ras antibody. G, The indicated 

cancer cells stably express lentiviruses encoding control shRNA (shCtrl, -) or shRNA to 

eIF5A (sh-5A, sh-eIF5A) were examined for changes in viable cell numbers for 0–5 days 

and WB for the indicated proteins. H, The indicated cancer cells were transfected with 

control vector or eIF5A and examined for cell growth after 5 days and WB for the indicated 

proteins. Results shown are relative to control vector. Arrow = KRas. * = P<0.05, 

**=P<0.01 Student’s t test.
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Figure 3. 
Increased eIF5A, KRas, and PEAK1 protein expression correlated with increased metastatic 

potential of PDAC cells. A, Mouse PDAC cell lines were derived from a PanIN stage KC 

mouse tumor (KC-PanIN), a primary tumor from KPC mice (KPC-P), or a matched 

spontaneous liver metastatic nodule from KPC-P mice (KPC-LM) and then WB for the 

indicated proteins; B, KRas mRNA levels relative to GAPDH mRNA levels were 

determined by qPCR in three independent experiments. No statistical differences were 

observed in the average KRas mRNA levels in the different cell lines. C, Human PDAC low 
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metastatic (FG cells) or a matched highly migratory/metastatic variant cell lined derived 

from parental FG cells (FGM) were WB for the indicated proteins. D, KRas mRNA levels 

relative to GAPDH mRNA levels were determined by qPCR in three independent 

experiments. E, Relative cell growth of FG and FGM treated with 20 μM GC7 or control 

vehicle (Ctrl) for 72 hours cells. F and G, Cells treated as in E and WB for the indicated 

proteins. H and I, FG and FGM cells were treated with 20 μM GC7 or control vehicle for 24 

hours and then allowed to migrate for 6 hours. * = P<0.05, **=P<0.01 Student’s t test.
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Figure 4. 
eIF5A controls KRas expression to drive A549 cell migration, but not proliferation. A, The 

indicated cell lines were treated with shRNA to eIF5A, siRNA to KRas, or control siRNAs/

shRNA (−) and WB for the indicated proteins. Relative cell proliferation B and C, and 

migration D-G, in the presence or absence of chemoattractant (serum) were determine in 

KRas and eIF5A-depleted cells from A. * = P<0.05, **=P<0.01 Student’s t test.
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Figure 5. 
Glutamine deprivation or blocking glutamine metabolism inhibits the KRas-eIF5A-PEAK1 

signaling loop, which inhibits PDAC cell proliferation and migration. A and B, Relative cell 

growth in complete media with or without glutamine (Gln) was determined for the indicated 

days. C, 779E cells were grown in complete media with or without glutamine for 72 hours 

then examined for cell migration for 8 hours in the presence or absence of chemoattractant 

(serum). D, Cells were grown in complete media with or without glutamine for 72 hours 

then WB for the indicated proteins. E, Relative cell growth of PANC1 (upper bar graph) and 
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779E cells (lower panel) treated with either 1.0 mM AOA (aminooxyacetate) or 100 μM 

EGCG (epigallocatechin gallate) for 72 hours. F, 779E cells treated with AOA as in E and 

WB for the indicated proteins. G and H, 779E PDAC cells and normal human fibroblasts 

were treated with AOA or EGCG as in D and examined for cell migration for 8 hours in the 

presence or absence of chemoattractant (serum). I, FG and FGM cells were treated with the 

indicated concentrations of AOA for 72 hours and migration determined for 6 hours. Results 

are relative to vehicle treated cells. * = P<0.05, **=P<0.01 Student’s t test.
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Figure 6. 
Glutamine deprivation or GOT1 depletion inhibits A549 cell migration, but not cell 

proliferation. A and B, Relative cell growth in complete media with or without glutamine 

(Gln) was determined for the indicated days. C, The indicated cells were grown in complete 

media with or without glutamine for 72 hours then examined for cell migration for 6 hours 

in the presence or absence of chemoattractant (serum). D, The indicated cells treated as in C 

and WB for the indicated proteins. E and F, The indicated cells were treated with siRNA to 

KRas, shRNA to eIF5A, or control siRNAs/shRNAs (−) and WB for the indicated proteins. 
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G, The indicated cells were treated with siRNA to GOT1, or control siRNAs (−) and the 

number of migrating cells determined after 6 hours. Inset shows WB of the indicated 

proteins from the same cells used for the migration experiments. H, 779E cells were treated 

with siRNA to GOT1, or control siRNAs (−) and relative cell growth for 72 hours or the 

number of migrating cells after 6 hours determined. Inset shows WB of the indicated 

proteins from the same cells used for the growth and migration experiments. * = P<0.05, 

**=P<0.01 Student’s t test.
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Figure 7. 
Pharmacological inhibition of eIF5A hypusination sensitizes KRas-driven tumor cells to 

MEK and KRas inhibition. A, 779E cells were treated with the indicated concentration of 

GC7 and/or AZD6244 for 7 days and cell colonies stained with crystal violet. Bar graph 

(left) shows stained colony area as measured by ImageJ relative to vehicle control. WB blot 

(right) was performed from treated cells for the indicated proteins. B, HPAF-II cells were 

treated with GC7 (20 μM) and AZD6244 (1 μM) and subjected to the colony growth assay 

and WB as in A. C, 779E cells were treated with GC7 or AZD6244 alone or in combination 
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with the indicated drug concentrations and allowed to grow for 7 days. Cell colony area was 

assessed as in A. D, Nude mice subcutaneously implanted with 779E cells were treated with 

vehicle, GC7, AZD6244 or GC7 and AZD6244 for 8 days and tumor size was measured 

every other day (bar graph). E, The relative body weights of mice treated with drugs as in D. 

F, Lysates from tumors in D were WB for the indicated proteins. G, H1792cells were treated 

with DFMO (0.5 mM) or K-RasG12C compound 12 alone (0.5 μM) or in combination and 

allowed to grow for 4 days. Cell colony area was assessed as in A. WB of drug treated cells 

shown in sFig. 5E. * = P<0.05, **=P<0.01 Student’s t test.
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