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Abstract
Blockade of eIF5A hypusination/activation reverses TGFβ-induced EMT
and potently kills metastatic breast cancer cells
in combination with HDAC6 inhibition

By
Yvess Adamian
Master of Science in Biology
Metastatic breast cancers carry a 5-year survival prognosis of less than 20%.
Thus, it is highly desirable to identify therapeutic strategies that specifically target both
primary and metastatic tumors. It is generally accepted that epithelial-mesenchymal
transition (EMT) is an important component of the metastatic cascade in solid tumor
types such as breast cancer. In this regard, we have previously established that PEAK1
promotes breast cancer metastasis by switching Transforming Growth Factor β (TGFβ)
signaling toward its EMT-promoting functions. Eukaryotic Initiation Factor 5A 1/2
(eIF5A1/2) are unique translation factors in that they are the only known protein
substrates for the post-translational hypusine modification – a key modification required
for eIF5A translation activity. Since eIF5A is required for Pseudopodium-Enriched
Atypical Kinases 1 (PEAK1) translation, we hypothesized that TGFβ may induce PEAK1
upregulation during EMT by directly activating the eIF5A hypusination pathway. We
show evidence of an active eIF5A/PEAK1 pathway in undifferentiated, mesenchymal
breast cancer tissue. Notably, inhibition of eIF5A hypusination blocks PEAK1
viii

translation, cell viability and TGFβ-induced EMT in breast cancer cells. In this regard,
we demonstrate that TGFβ induces post-translational hypusination/activation of eIF5A in
metastatic breast cancer cells. While it remains to be determined whether canonical TGFβ
signaling factors directly activate hypusination pathway enzymes, TGFβ is known to
activate other eIF5A regulatory enzymes that have previously been reported to mediate
EMT in breast cancer. For example, TGFβ-induced EMT requires Activin Receptor
Type-1B (ACVR1B/ALK4)-dependent Histone Deacetylase 6 (HDAC6) activation and
HDAC6 promotes eIF5A deacetylation leading to its rapid nuclear export and
hypusination; therefore, we hypothesize that cytoplasmic localization of eIF5A and
eIF5A hypusination are required for cell proliferation/survival and TGFβ-induced EMT
in breast cancer. Since HDAC inhibitors are promising new anti-cancer agents being
evaluated in clinical trials, we designed experiments to test whether blockade of eIF5A
hypusination could increase the potency or efficacy of HDAC6 inhibitors. Most notably,
we demonstrate that dual treatment with non-cytotoxic doses of HDAC6 and eIF5A
hypusination inhibitors synergize to potently and selectively kill metastatic breast cancer
cells and block TGFβ-induced EMT. This also resulted in a further accumulation of
eIF5A in the nucleus regardless of TGFβ treatment. In this regard, we have formulated a
pathway in which we believe TGFβ stimulates HDAC6 and DHPS function to export
eIF5A into the cytoplasm and promotes PEAK1 translation to result in EMT, invasion
and metastasis in breast cancer cells. Taken together, these results pave the way for preclinical trials designed to selectively target breast cancer metastasis.
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Chapter 1: Introduction
Breast cancer is the most commonly diagnosed cancer among women in the
United States but it remains the second leading cause of cancer related deaths1. Percent
survival is a nearly 100% if the cancer is diagnosed at stage 1 (the localized stage). If the
tumor is diagnosed at stage 2 and 3, the patient’s tumor has disseminated to local lymph
nodes and adjacent tissue. Still, the patient has approximately an 80% survival rate. At
stage 4; however, the percent survival plummets to about 20% because the cancer has
invaded into the vasculature and metastasized to distant organs such as bones, liver, lung
and brain2,3. Although the overall weighted average is about 85%, majority of these
deaths are due to the metastatic form of this disease. We need to understand the
molecular mechanisms regulating metastasis to provide novel therapeutic targets and
increase patient survival.
The pseudopodia is an actin-rich structure that protrudes from the cell surface and
drives cancer cell migration/invasion away from the primary tumor4. During cancer
progression, cells use specialized pseudopodia, known as invadapodia, to invade into and
out of the bloodstream during metastasis. To learn more about the protein profile of this
subcellular structure, Dr. Kelber and his colleagues plated mammalian cells onto a porous
membrane and exposed them to a chemoattractant. This promoted pseudopodia migration
through the pores, enabling their easy mechanical separation from the cell body. Using
mass spectrometry, 819 pseudopodium-enriched proteins were identified5. Since tyrosine
phosphorylation of cytoskeleton-associated proteins plays a central role in cell signaling,
pseudopodium formation and cancer metastasis, phosphotyrosine immunoaffinity
purification followed by Multidimensional Protein Identification Technology (MudPIT)
was used to identify kinase targets and potentially novel anti-cancer targets. 130 of the
1

819 proteins were determined to be phospho-tyrosine (pY) proteins. A hand full of these
pY proteins enriched in the pseudopodium had not been previously cloned or studied.
One of those proteins, later named PEAK1 (or pseudopodium-enriched atypical kinase
1), was determined to be enriched by 2.6 fold in the pseudopodium. Notably, PEAK1 has
many predicted phosphorylation sites and interactions with well-established tumor
promoting signaling pathways4,6. The molecular weight of PEAK1 is approximately
190kD and it is a non-receptor tyrosine kinase. It is also one of the two members in the
New Kinase Family Three (NKF3)7. PEAK1 promotes tumor growth, metastasis and
therapy resistance in human cancers via its regulation of the actin cytoskeleton and Src,
KRas and ErbB2 signaling4,6,8. PEAK1 overexpression in non-malignant and malignant
human mammary epithelial cells induces epithelial to mesenchymal transition (EMT), a
prerequisite for solid tumor metastasis, via its regulation of fibronectin/TGFβ
signaling9,10,11. PEAK1 regulates Shc1 signaling by interacting with Grb2 and MAPK
controlling cell morphology, movement and proliferation downstream of EGF
signaling12. Finally, our lab has also collaborated on work demonstrating that
hypusination/activation of the eIF5A translation factor can promote PEAK1 protein
production and pancreatic cancer progression13.
Our lab previously demonstrated that TGFβ-induced EMT upregulates PEAK1
expression10. EMT is the gradual loss of epithelial characteristics and the acquisition of
mesenchymal or spindle-like characteristics. TGFβ is a well characterized inducer of
EMT during normal development and disease progression, and these cells acquire more
invasive and migratory behavior.
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A recent review from Dr. Massague’s lab on the pleiotropic and often opposing
roles of TGFβ suggests that when TGFβ binds to its type II receptor (TβRII), recruiting
its type I (ALK 5) receptor, phosphorylation of Mother Against Decapentaplegic
Homolog 2/3 (SMAD2/3) results in gene transcription of tumor suppressor genes15. Dr.
Scheimann’s group has also shown that this pathway is induced in the presence of
fibronectin/ITGβ3 by activating Src which subsequently phosphorylates TβRII. Grb2 is
then recruited and binds to a phospho-tyrosine site on TβRII to then stimulate MAPK
signaling, migration, proliferation and therapy resistance. Importantly, this non-canonical
TGFβ signaling leads to EMT and metastasis15,16,17. Notably, our lab recently reported
that in the presence of fibronectin and with increasing expression of PEAK1, TGFβ can
switch to a pro-tumorigenic factor. When PEAK1 is upregulated in the presence of
fibronectin, ZEB1 expression is induced which causes EMT and metastasis to
occur10,11,14.
In relation to this, high PEAK1 levels may indicate cases/conditions where TGFβ
will promote cancer progression. Patients with upregulated PEAK1 expression may
benefit from anti-TGFβ therapy, however, targeting TGFβ altogether could be
detrimental to the patient since TGFβ could also acts as a tumor-suppressive cytokine in
other parts of the body. Eukaryotic Initiation Factor 5 A (eIF5A) is involved in
translation of proteins carrying a unique post-translational modification termed hypusine
at lysine residue 50. Its role in the process of hypusination is spermidine dependent and is
carried out in two subsequent steps involving the activity of two enzymes: deoxyhypusine
synthase (DHPS) and deoxyhypusine hydroxylase (DOHH). Once eIF5A is in its active
form, translation of PEAK1 mRNA into protein can occur, as well as tumor progression.
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Currently, there are two drugs available to target the pathway in which eIF5A becomes
hypusinated/activated. N1-Guanyl-1,7-diaminoheptane (GC7) - a selective inhibitor of
DHPS and Ciclopirox olomine (CPX) - an iron chelator that reduces the activity of
DOHH14. To this end, eIF5A hypusination/activation may be targeted in breast cancer
patients that exhibit elevated levels of PEAK1.
Using an online interactive database called The Human Protein Atlas, various
tissue-specific proteomes can be explored using real human patient tissue samples. The
expression pattern of a mesenchymal cancer patient tissue exhibiting an undifferentiated
tumor type shows evidence of this pathway directed towards hypusinated eIF5A such as
spermidine synthase, DHPS and DOHH as well as eIF5A1 and eIF5A218.
There are contrasting views describing breast cancer response to eIF5A. A recent
publication described that inhibiting the activity of a histone deacetylase enzyme 6,
HDAC6, results in an increase in eIF5A acetylation19. Another publication concluded that
TGFβ increases the activity of HDAC6 to promote EMT regulation20. Ishfaq and
colleagues reported that eIF5A2 is acetylated at lysine residue at site 47. HDAC6 is the
histone deacetylase responsible for deacetylating eIF5A in order for it to be exported out
into the cytoplasm. They also identified a short crosstalk between acetylation and
hypusination that when DHPS and DOHH are prevented from hypusinating eIF5A, a
dramatic increase in acetylation level is seen; however, upon deacetylation, eIF5A is
hypusinated suggesting a direct link between the lysine residues21.
Exportin 4 (XPO4) is a bidirectional nuclear transport receptor that mediates
nuclear export of eIF5A and other proteins such as Smad322,23,24. The hypusine
modification found on eIF5A when localized in the nucleus is recognized by XPO4.
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eIF5A is then allowed access to enter the XPO4 pathway which then can be shuttled out
to the cytoplasm. The hypusine residue binds to XPO4 35-times more than a protein that
lacks this modification24.
Furthermore, when eIF5A is transported out into the cytoplasm, its job is to
promote translation elongation and termination of proteins not limited to proline
stretches25. In a study done by Schuller and colleagues, as previously thought, the
hypusine residue is a necessity for polyproline (PPP) rich protein translation; however,
during ribosomal pausing, eIF5A alleviates translation not limited to PPP motifs. During
a depletion of eIF5A, a study revealed that 188 out of the 972 proteins altered contained
at least one PPP motif26. Interestingly, during TβRII inhibition, both eukaryotic initiation
and elongation processes significantly decreased. Both pathways have been identified to
be most enriched among others during tumor progression and angiogenesis in several
cancers including breast, colon and liver27; therefore, we hypothesize that cytoplasmic
localization of eIF5A and eIF5A hypusination are required for cell proliferation/survival
and TGFβ-induced EMT in breast cancer.
In this study, we show that during blockade of hypusination activity using GC7 (a
specific DHPS inhibitor), both cell number and PEAK1 protein are downregulated 48
hours post treatment. We show that these effects are dose-dependent in a metastatic
mouse breast cancer cell line. Induction of EMT by TGFβ treatment increases GC7
potency complementing our reverse discovery that inhibition of eIF5A hypusination
blocks TGFβ-induced EMT. During simultaneous HDAC6 and DHPS inhibition, we
identify a decrease in cell number, ZEB1 mRNA expression and a significant nuclear
accumulation of eIF5A, which are all signs of reduced EMT/metastasis.
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Chapter 2: Materials and Methods
Cell Culture
MCF10A, MCF10AT1k, MCF10AC1h and MCF10CA1a cells were purchased from the
Karmanos Cancer Center (made in the laboratory of Dr. Fred Miller). MDA-MB-231,
MDA-MB-468, 4T1, 67NR and BT549 cells were obtained from the American Tissue
Culture Collection (ATCC). MCF10A and MCF10AT1k cells were cultured in
Dulbecco’s Modified Eagle’s/Ham’s Nutrient Mixture F-12 (DMEF12) growth media,
supplemented with 5% horse serum, 10 µg/mL insulin, 20 ng/mL EGF, 0.5 µg/mL
hydrocortisone, 100 ng/mL cholera toxin, 1% penicillin/streptomycin and 0.1%
gentamycin. MCF10CA1h and MCF10CA1a cells were cultured in DMEF12 growth
media and supplemented with 5% horse serum, 1% penicillin/streptomycin and 0.1%
gentamycin. MDA-MB-231 and MDA-MB-468 cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM)/High glucose growth media supplemented with 10%
FBS, 1% penicillin/streptomycin and 0.1% gentamycin. 4T1 and 67NR cells were
cultured in Rosewell Park Memorial Institute (RPMI) growth media supplemented with
10% FBS, 1% penicillin/streptomycin and 0.1% gentamycin. BT549 cells were also
cultured

in

RPMI

growth

media

supplemented

with

10%

FBS,

1%

penicillin/streptomycin, 0.1% gentamycin and 0.8 µg/mL insulin. All cells were cultured
in T25 flasks or 10 cm tissue culture dishes and grown at 37°C with 5% CO2.
Quantitative Polymerase Chain Reaction
Cell lines were plated in a 6 well plate at 1e5 cells/mL and left to attach overnight. Cells
were then treated if necessary then trypsinized using 0.25% trypsin to collect whole cell
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pellets. RNA was collected using Thermo Scientific GeneJET RNA Purification Kit from
all cell lines, reverse transcribed to cDNA using Thermo Scientific cDNA Synthesis Kit.
Diluted cDNA at 22.5 ng/µL was used to perform qPCR. HPRT1 and POLAR2A were
used as house-keeping genes. ABI 7300 system was used and set to the following three
stages: stage 1 at 50°C for 2 minutes for one replication. Stage 2 at 95°C for 10 minutes
for one replication and stage 3 at 95°C for 15 seconds and 62°C for 1 minute repeated for
40 replications. Cycle threshold (Ct) values were obtained once software was completed
and used to determine relative mRNA expression of indicated gene targets used. All
genes of interest were set relative to house-keeping genes.
Western Blot
Cell lines were plated in a 6 well plate at 1e5 cells/mL and left to attach overnight. Cells
were then treated if necessary then lysed using Radioimmunoprecipitation assay (RIPA)
buffer containing phosphatase and protease inhibitors and left to rotate at 4°C for at least
3 hours. Lysates were then cleared by centrifugation at 12,000 RPM for 10 minutes at
4°C. Protein concentrations were determined using Bradford Assay. 4-12% Bis-Tris
agarose gels were used to run protein lysates at 20 µg of protein that were stained with
NuPage LDS Sample Buffer. Gels were then transferred onto nitrocellulose membranes
and exposed to primary antibody solutions at the following concentrations for each
indicated antibody. PEAK1 (Millipore 1:400), E-cadherin (Cell Signaling 1:1,000),
Hypusine (Thermo Scientific 1:1,000), eIF5A (Thermo Scientific 1:1,000) and β–actin
(Pro-Sci 1:1,000). Secondary antibodies were used at a 1:5,000-1:10,000 dilution. Band
intensity graphs were quantified using Fiji software after image thresholding.
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Cell Proliferation Assay
The CellTiter 96® AQueous One Solution (Promega) was used to perform cell
proliferation experiments. Cells were plated at 5e3 cells/mL at 200 µL/well in a 96-well
plate and allowed to attach overnight. Cells were then treated with indicated drugs the
next day at various concentrations. After 72 hours of drug treatments, 40 µL of AQueous
One solution was added to each well. Absorbance readings were measured at 490 nm
wavelength at 1.5, 2 and 3 hours (absorbance is directly proportional to the number of
living cells).
Immunofluorescence
Cells were plated at 1e4 cells/mL at 4 mL in a 6-well plate containing a sterile glass
coverslip and allowed to attach overnight. Cells were then treated with appropriate
inhibitors at indicated concentrations and time-points. Cells were first fixed using 4%
paraformaldehyde for 20 minutes. Cells were then subjected to Triton-X to permeabilize
the cells before treatment with specific antibodies in 2% BSA in PBS. After primary
antibody incubation for 90 minutes, cells were washed with PBS three times before
incubating with secondary antibodies in 2% BSA in PBS for 1 hour. Cells were again
washed with PBS three times before set overnight staining with DAPI. Cells were then
imaged using a Leica DMI6000 inverted microscope at 100X maginification.
Phase Contrast Micrographs
Images were taken of cells plated on a 6 well plate with appropriate conditions or
treatments for experiment using widefield-brightfield phase contrast microscopy on a
Leica DMI6000 B inverted microscope at 20X magnification.
8

TGFβ Treatments
Cells were plated at 1e4 cells/mL or 1e5 cells/mL in a 6 well plate and left overnight to
attach. The cells were then treated with 0.1% BSA or TGFβ at 2.5 ng/mL for times
indicated in figures before collecting lysates or phase-contrast images.
Drug Treatments
Ciclopirox Olomine (CPX) was obtained by Santa Cruz Biotechnology at 10 mM stock
concentration. This drug was diluted using Dimethyl Sulfoxide (DMSO). All controls
used for CPX were DMSO. N1-Guanyl-1, 7-diaminoheptane (GC7) was obtained by
Biosearch Technologies at 100 mg stock concentration. This drug was diluted using
sterile water. All controls used for GC7 were sterile water. Tubastatin A Hydrochloride
(TubA) was obtained by Santa Cruz Biotehcnology at 10 mM stock concentration. This
drug was diluted using DMSO. All control used for TubA were DMSO.
The Human Protein Atlas
The IHC human tissue samples shown during the current study are available in the
Human Protein Atlas (http://www.proteinatlas.org) under patient # 1910.
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Chapter 3: Results
eIF5A Isoform Expression Levels Predict Hypusination Profile in Breast Cancer Lines
To determine if eIF5A is expressed in multiple cancer cell types, we analyzed basal
levels of hypusine and total eIF5A in a range of cell lines that represent breast cancer. To
do this, we used the following cell lines: MCF10A – a nonmalignant human breast cell
line, along with three HRas transformed derivatives of MCF10A cells, MCF10AT1k,
MCF10CA1h, MCF10CA1a. We also used two human triple negative breast cancer
(TNBC) cell lines, MDA-MB-231 and MDA-MB-468, as well as two mouse malignant
breast cancer cell lines 4T1 and 67NR which are considered to be of a TNBC subtype.
These cells were plated and left to attach overnight. The protein lysates were then
collected and a western blot was performed using antibodies against hypusine, total
eIF5A and β–actin as a loading control (Figure 1A). To quantify this western blot, a
relative band intensity graph is shown in Figure 1B. The graph shows the ratio between
hypusine to total eIF5A for each cell line. All band ratios are set relative to the nonmalignant human mammary cell line, MCF10A. The bars on top of the graph represent a
relationship describing which eIF5A isoform is predominantly being hypusinated based
on qPCR results in Figure 1C. To identify the eIF5A isoform levels, we extracted RNA
from our cell lines and reverse transcribed the RNA to cDNA before performing a qPCR
experiment. To quantitate the levels of eIF5A isoforms, we used primers against each
isoform independently and set the levels of isoform 2 relative to isoform 1 (Figure 1C).
Here, we can see that in all cell lines represented except 4T1 and 67NR cells, the
predominantly expressed isoform is eIF5A1, so we can assume that most of the
hypusinated eIF5A shown in the western blot for 4T1 and 67NR is due to eIF5A isoform
10

1. MCF10A and its HRas transformed derivative, MCF10CA1a seem to have similar
levels of isoforms 1 and 2; therefore, we concluded that both isoforms are responsible for
hypusination activity for those two cell lines. The remaining four cell lines, both HRas
derivative of MCF10A, MCF10AT1k and MCF10CA1h as well as the two TNBC cell
lines, 4T1 and 67NR showed much higher levels of eIF5A2, so we concluded that the
hypusination activity in those cells was due to eIF5A isoform 2 (Figure 1B). Data from
the Human Protein Atlas shows evidence of this pathway being expressed (Figure 1D). In
Figure 1D, IHC staining on tissue samples from a breast cancer patient exhibiting a
mesenchymal phenotype was performed to indicate the levels of mesenchymal markers
such as fibronectin (FN1), COL1A1 and ZEB1. All mesenchymal markers are expressed
at elevated levels, while the epithelial marker, CDH1 (E-cadherin) is expressed at low
levels. PEAK1 staining matches that of mesenchymal markers as well as the pathway in
which it is translated by the staining of spermidine synthase (SRM), Deoxyhypusine
synthase (DHPS), Deoxyhypysine hydroxylase (DOHH) and the two isoforms of eIF5A,
1 and 2 (Figure 1D). A study done by Imam and colleagues show that eIF5A positively
regulates the recruitment of CD4+/CD8+ T cells to the site of the tumor. They research
this relationship in pancreatic cancer cells in which during GC7 treatment to block
hypusination/activation of eIF5A, recruitment of CD4+ T cells significantly decrease at
the site of the tumor; however, pancreatic and splenic CD8+ lymphocytes did not seem to
be affected28. They also reported that a specific transcription factor, FOXP3+, found in
regulatory T cells in significantly increased to the site of the tumor during GC7
treatment28. This suggests an inverse relationship between CD8+ T cells and FOXP3+
regulatory T cells. To validate this in breast cancer tissue, IHC staining for CD8A (CD8+

11

T cells) and FOXP3 (FOXP3+ regulatory T cells) are shown in breast cancer tissue
samples taken from The Human Protein Atlas also correlating with high PEAK1 levels
(Figure 1E). Based on these data, we conclude that the eIF5A isoform expression levels
present in the breast cancer tissue can predict hypusination profiles and lymphocyte
microenvironment of the primary tumor.
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Figure 1: eIF5A Isoform Expression Levels Predict Hypusination Profile in Breast
Cancer Lines
(A) Western blot illustrates protein lysates collected from non-malignant human
mammary cells (MCF10A), malignant H-Ras Transformed breast cancer cells
(MCF10AT1K, MCF10CA1h and MCF10CA1a), triple negative breast cancer cells
(MDA-MB-231 and MDA-MB-468) and mouse malignant breast cancer cells (4T1 and
67NR). Immunoblotting was stained for hypusine, total eIF5A and β-actin as a control.
(B) Relative band intensity is graphed using Prism software for western blot from panel
A. Ratios are set relative to MCF10A comparing hypusine to total eIF5A. (C) qPCR for
all cell lines showing relative mRNA expression for both isoforms of eIF5A relative to
isoform 1. Time-course of experiment is illustrated to the right of panel A. (D and E) IHC
patient data from The Human Protein Atlas show proteins from a breast cancer patient
exhibiting a mesenchymal phenotype (Scale bar: 100 µm and 50 µm for full image and
inlay respectively).
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GC7 Decreases Cell Proliferation/Number Across Breast Cancer Cell Lines
There are currently two drugs available that can target the activation of eIF5A. Its role of
hypusination/activation is spermidine dependent and is carried out in two subsequent
steps by the enzymes deoxyhypusine synthase (DHPS) catalyzing the first step and
deoxyhypusine hydroxylase (DOHH) catalyzing the second step. We show here the
efficacy and potency of the two drugs in our selected cell lines; GC7 (N1-Guanyl-1,7diaminoheptane) - a selective inhibitor of DHPS, and CPX (Ciclopirox olomine) – which
chelates iron that is important for the activity of DOHH (Figure 2A). The concentration
that determines a 50% decrease in cell viability is noted by the IC50 values on each graph
for each drug. We also imaged these cells when treated with the second highest
concentration of GC7 at 100 µM to show a decrease in cell viability after 48 hours of
treatment (Figure 2B). In conclusion, we identified that CPX has numerous amounts of
off-target effects – such as chelating iron as well as inhibiting cell survival and other
necessary metabolic pathways, suggesting that GC7 was a more specific drug to use to
target the eIF5A pathway. With that in mind, we moved forward with selected cell lines
4T1 and 67NR which exhibiting the largest efficacy after GC7 treatment and
MCF10CA1a which is a highly aggressive form of the HRas transformed MCF10A cell
line. From this point forward, all experiments performed used only GC7 as our selected
drug to target hypusinated eIF5A.
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Figure 2: GC7 Decreases Cell Proliferation/Number Across Breast Cancer Cell Lines
(A) Cytotoxicity graphs show cell viability graphed relative to control (water). Aqueous
One reagent was used 72 hours after CPX and GC7 drug treatments (0.1 nM  1 mM).
Time-course of experiment is illustrated to the right of panel A. (B) Phase-contrast
micrographs were taken after 48 hours of water or 100 µM GC7 treatment for all cell
lines. Time-course of experiment is illustrated to the right of panel B (Scale bar: 100 µm).
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GC7 Inhibits eIF5A Hypusination and Cell Number in a Dose-Dependent Manner
We sought to determine if the decrease in cell viability is due to the inhibition of post
translational modification of eIF5A. To test this, all cell lines were treated with GC7 at
100 µM for 48 hours – which were the time point and concentration at which a decrease
in cell viability was seen (Figure 2B). We then collected, performed a western blot and
immunoblotted for hypusine, total eIF5A and β–actin as a loading control (Figure 3A).
The cell lines with the largest decrease in cell viability at 100 µM GC7, also had the
largest decrease in hypusinated eIF5A protein activity (4T1, 67NR, MCF10AT1k,
MCF10CA1h and MCF10CA1a). We then asked ourselves if this affect is dosedependent. To test this, we treated 4T1, 67NR and MCF10CA1a cells with various
concentrations of GC7 ranging from 0.1 µM to 100 µM. We then collected protein
lysates after 48 hours of treatment and performed a western blot. A previously published
paper show interesting data that when eIF5A is in its active form, translation of PEAK1
occurs pancreatic cancer cells13. To validate this in breast cancer cells, we immunoblotted
for PEAK1 as well as E-cadherin, hypusine, total eIF5A and β-actin as a loading control
(Figure 3B). As seen in the results of figure 3B, there is a striking down regulation of
PEAK1 protein in a dose-dependent manner in 4T1, 67NR and MCF10CA1a cells. On
the other hand, during the decrease in PEAK1 expression, we identified a decrease in Ecadherin – an epithelial marker with increased GC7 concentration only in the 67NR cell
line. Hypusinated eIF5A levels consistently decreased shown by band intensity ratios
between total eIF5A and hypusine below each respective western blot (Figure 3B). We
next looked at cell viability at lower concentrations of GC7, such as 1 µM and 10 µM,
where a decrease in hypusinated eIF5A is still achieved but the decrease in cell viability
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is not as great in lower concentrations that do still target hypusinated eIF5A (Figure 3C).
Taken together, hypusination activity and PEAK1 expression can successfully be
downregulated using GC7 dose- and cell line-dependent manner. In this regard, using
lower doses to achieve the same affect can be demonstrated without additive decrease in
cell number.
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Figure 3: GC7 Inhibits eIF5A Hypusination and Cell Number in a Dose-Dependent
Manner
(A) Western blot illustrates protein lysates from eight all cell lines that were treated with
either water or 100 µM GC7 treatment after 48 hours. Immunoblots were stained for
hypusine, total eIF5A and β-actin for a control to show even loading. Band intensity
graph is shown to the right comparing hypusine to total eIF5A and set relative to water
(control). (B) Western blot illustrates protein lysates from 4T1, 67NR and MCF10CA1a
cells treated with water or GC7 (0.1100 µm). Immunoblots were stained for proteins
listed in the figure and β-actin as a control. Band intensities are shown directly below for
each cell line comparing hypusine to total eIF5A and set relative to water (0 µM). (C)
Phase-contrast micrographs were taken 48 hours after water or GC7 treatment before
collecting protein lysates for all three cell lines. Time-course of experiment is indicated
below panel C.
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TGFβ Induces eIF5A Hypusination and Reverses EMT in a Time- and Cell LineDependent Manner
The pathway at which we are interested in targeting eIF5A is in the context of TGFβinduced EMT and TGFβ is a well-characterized inducer of EMT. We sought show a
TGFβ-induced EMT affect in 4T1, 67NR and MCF10CA1a cells by performing a
western blot using antibodies for E-cadherin – an epithelial marker. Phase-contrast
images are shown to the right of the western blot to indicate a shift in morphology after
treatment with TGFβ. Relative band intensity is graphed to its right to show a true
decrease in E-cadherin expression (Figure 4A). Since TGFβ can induce PEAK1
upregulation, while on the other hand, hypusinated eIF5A promotes PEAK1 translation,
we sought to see if TGFβ alone can upregulate hypusinated eIF5A. Post-translational
modifications can occur relatively fast so we started with short-term treatments of TGFβ
on 4T1, 67NR and MCF10CA1a cells. Protein lysates were collected after 10, 30 and 120
minutes of treatment and immunoblotted for hypusine, total eIF5A and β-actin (Figure
4B). For the first time, we show that TGFβ has the ability to activate a post-translational
modification. Relative band intensity is graphed to the right of the western blot in which
the ratio between hypusine to total eIF5A is compared first between treated samples to
control samples then a ratio is calculated comparing each time point relative to 10
minutes as a starting time point of reference. This data shows a true increase in
hypusinated eIF5A in 4T1 and MCF10CA1a cells by 30 minutes of TGFβ treatment;
however, the increase is maintained through 120 minutes of TGFβ treatment in 4T1 cells,
but not in MCF10CA1a cells (Figure 4B). We were also interested to see what genes
were altered at the transcriptional level when dual treating with TGFβ and GC7 at the
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same time to block EMT. To test this question, we plated 4T1 and MCF10CA1a cells on
either plastic or fibronectin extra-cellular matrix (ECM) protein and pre-treated them
with GC7 at 10 µM for 48 hours to ensure the eIF5A hypusination pathway is blocked.
We then treated with TGFβ at 2.5 ng/mL and collected RNA after 12 or 48 hours.
Interestingly, after performing qPCR for a mesenchymal marker, ZEB1 expression was
decreased when treating with both GC7 and TGFβ after 12 hours on plastic; however,
this affect was blocked on fibronectin in 4T1 cells. This affect was not seen after 48
hours of treatment in 4T1 cells (Figure 4C). To be able to induce EMT in MCF10CA1a
cells by treating with TGFβ was possible only on fibronectin; however, this EMT was
blocked with dual treatment of GC7 and TGFβ after 48 hours (Figure 4C). Phase contrast
images were also taken before RNA collection to show changes in morphology where
EMT was either induced or reversed (Figure 4C). Based on these data, we conclude that
although TGFβ is a well-characterized inducer of EMT, it can also promote the posttranslation modification of eIF5A hypusination. Also, with the correct treatment time and
conditions, inhibition of hypusination can block TGFβ-induced EMT.
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Figure 4: TGFβ Induces eIF5A Hypusination and Reverses EMT in a Time- and Cell
Line-Dependent Manner
(A) Western blot illustrates protein lysates treated with BSA (0.1%) or TGFβ (2.5 ng/mL)
for 48 hours and immunoblotted for E-cadherin and β-actin as a loading control. Phasecontrast micrographs are shown to the right before collecting protein lysates for all three
cell lines. Band intensity graph is shown to the right comparing E-cadherin to β-actin and
set relative to BSA (Control). (B) Western blot illustrates protein lysates treated with
BSA (0.1%) or TGFβ (2.5 ng/mL) for 10, 30 or 120 minutes and immunoblotted for
indicated proteins. Band intensity graph is shown to the right comparing hypusine to total
eIF5A for TGFβ treated samples versus control and all set relative to the 10-minute time
point. (C) qPCR graphs show relative ZEB1 mRNA expression in 4T1 and MCF10CA1a
cells after 1 hour pre-treatment of GC7 (10 µM) and either 12- or 48-hours of TGFβ
treatment (2.5 ng/mL) on either plastic or fibronectin (5 µg/mL). Phase-contrast
micrographs are shown for all treatments below qPCR graphs collected before RNA
extraction at either 12- or 48-hours (Control = BSA/water). Time-course of experiments
are illustrated to the right of each panel (Scale bar: 100 µm).
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GC7 and Tubastatin A Work Synergistically in 4T1 Cells to Decrease Protein Translation
and Block Nuclear Export of eIF5A
Our next research questions revolved around asking how TGFβ is regulating eIF5A and
what other proteins might be involved to completely block TGFβ-induced EMT. This led
us to histone deacetylase enzyme 6 (HDAC6). HDAC6 has been previously reported to
be responsible for the deacetylation of eIF5A in the nucleus in order to make it readily
available for hypusination and later transport out in the cytoplasm for functioning as a
translation factor. To determine if we could further increase the efficacy or potency of
GC7, we co-treated with Tubastatin A (an HDAC6 inhibitor) in 4T1 and 67NR cells as
well as MDA-MB-468 cells which initially were not very sensitive to GC7. We also used
triple negative human breast cancer cell line, BT547, to see if another cell line
representative of this breast cancer subtype was sensitive towards DHPS and HDAC6
inhibition. (Figure 5A and 5B). Here, we show cell viability graphs for these four cell
lines pretreated with GC7 at 1 µM and after 12 hours were exposed to various
concentrations of Tubastatin A (TubA) ranging from 0.1 nM to 100 µM. Interestingly,
GC7 treatment dramatically increased the potency of TubA in the metastatic mouse
mammary cell line, 4T1; however, this affect was not seen in the non-metastatic mouse
mammary counter-part, 67NR. MDA-MB-468 and BT549 cells remained to be
insensitive to TubA with or without GC7 pretreatment (Figure 5A). Next, we decided to
perform the opposite cell viability experiment in which we pretreated these four cell lines
with TubA at 1 µM and then exposed these cells to various concentrations of GC7
ranging from 0.1 nM to 1 mM. In this instance, TubA treatment subtly decreased the
potency of GC7 in the metastatic mouse mammary cell line, 4T1; however, this affect
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was not seen in the three other cell lines used (Figure 5B). In order to determine if the
drugs are working synergistically, we again performed the cell viability assay using the
4T1 cells which showed an increase in TubA drug potency when pretreating with GC7.
4T1 cells were treated with TubA at 10 µM, GC7 at 10 µM or both drugs simultaneously
for 48, 72 and 96 hours. Our results indicate that these drugs work synergistically to
decrease cell viability at the 96-hour time point (Figure 5C). Previously published data
show that HDAC6 is responsible for the localization of eIF5A21. To test this, we decided
to look further into the changes of eIF5A localization when treating with TubA, GC7 or
both drugs simultaneously. In figure 5D we show immunofluorescence staining of 4T1
cells treated with TubA at 10 µM, GC7 at 10 µM or both drugs at those same
concentrations for 48 hours. Seen here, total eIF5A in green is predominantly
cytoplasmic in all treatments other than the dual treatment where green fluorescence is
evenly distributed across the nuclei and the cytoplasm of the cells. DAPI was used to
stain the nuclei shown in the red channel and phase-contrast images are shown as
reference (Figure 5D). To quantify these data, we counted the number of spread cells for
every image taken for each condition and then calculated the percent of those spread cells
with an eIF5A+ nuclei indicated by a green colored nucleus (Figure 5D). Protein lysates
were also collected at the same time point described in figure 5D. 20 µg of protein for
each condition was run on a Bis-Tris agarose gel then transferred onto a nitrocellulose
membrane before staining total protein using Ponceau S (Figure 5E). In this regard, we
conclude that GC7 and TubA work synergistically to decrease cell viability, total protein
translation and promote nuclear accumulation of eIF5A in a mouse metastatic breast
cancer cell line.

23

A

4T1

67NR

MDA-MB-468

Control (IC50 = 37.89 mM)

Control (IC50 = 1.076 M)

Control (IC50 = 17.79 mM)

GC7 (1 M) (IC50 = 11.23 M)

GC7 (1 M) (IC50 = 11.06 nM)

BT549

GC7 (1 M) (IC50 = 65.34 mM)
120

120

120

120

80

80

80

80

40

40

40

40

0

0

0
-12 -10 -9 -8 -7 -6 -5 -4
Log[Tubastatin A], M

B

4T1

0
-12 -10 -9 -8 -7 -6 -5 -4
Log[Tubastatin A], M

-12 -10 -9 -8 -7 -6 -5 -4
Log[Tubastatin A], M

Control (IC50 = 36.44 M)
GC7 (1 M) (IC50 = 67.54 M)

67NR

-12 -10 -9 -8 -7 -6 -5 -4
Log[Tubastatin A], M

MDA-MB-468

BT549

Control (IC 50 = 4.66 M)
Tub A (1 M) (IC50 = 6.502 M)
160

Control (IC 50 = 5.648 M)
Tub A (1 M) (IC50 = 11.45 M)
160

160

Control (IC 50 = 89.29 M)
Tub A (1 M) (IC50 = 77.61 M)
160

120

120

120

120

80

80

80

80

40

40

40

40

0

0

0

-12 -10 -9 -8 -7 -6 -5 -4 -3
Log[GC7], M

D

3

***

2

Tub A (1 M) (IC50 = N/A)

-12-10 -9 -8 -7 -6 -5 -4 -3
Log[GC7], M

C
4

Control (IC 50 = N/A)

Control

0
-12-10 -9 -8 -7 -6 -5 -4 -3
Log[GC7], M

TubA

GC7

-12-10 -9 -8 -7 -6 -5 -4 -3
Log[GC7], M

E

Both

Control
TubA
GC7
Both

225
115

1
0

100
48

MW
(kDa)

72
96
Time (hours)

80

***

***

***

65
50

60

35
25
20

40
20
0

80

Ctrl T ubA GC7 Both
Treatment

15

Figure 5: GC7 and Tubastatin A Work Synergistically in 4T1 Cells to Decrease Protein
Translation and Block Nuclear Export of eIF5A
Cytotoxicity graphs show cell viability using Aqueous One reagent. Graphs are
calculated as percent control. (A) 4T1, 67NR and MCF10CA1a cells were pre-treated
with water or GC7 (1 µM). After 12 hours, cells were then treated with DMSO or
Tubastatin (0.1 nM  100 µM). After 72 hours, cell viability was quantified. (B) 4T1,
67NR and MCF10CA1a cells were pre-treated with DMSO or Tubastatin A (1 µM).
After 12 hours, cells were then treated with water or GC7 (0.1 nM  1mM). After 72
hours, cell viability was quantified. Time-course of experiments are illustrated to the right
of each panel. (C) MTS assay using Aqueous One reagent was used when 4T1 cells were
plated and treated with Tubastatin A (TubA) at 10 µM or GC7 at 10 µM or both for
indicated time points. Time-course of experiment is illustrated below this panel. *
indicates t-test derived p-value less than 0.05. (D) 4T1 cells were either treated with
DMSO/water as a control, Tubastatin A (TubA) at 10 µM, GC7 at 10 µM or both
Tubastatin A and GC7 at 10 µM for 48 hours before performing immunofluorescence and
staining for total eIF5A in green and DAPI to stain the nuclei in red. Phase-contrast and
merge channels are also shown (Scale bar: 100 µm). Quantified data is shown to the right
of panel D indicated a percent of eIF5A+ nuclei per every spread cell. (E) Total protein is
shown by Ponceau S stain for indicated treatments at 10 µM after 48 hours before protein
collection. Time-course for experiments displayed in panel D and E are illustrated below
panel E.
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HDAC6 and DHPS Inhibition Blocks TGFβ-Induced EMT in 4T1 Cells
Next, we sought to see if blockade of HDAC6 and DHPS activity could further suppress
TGFβ-induced EMT either independently or simultaneously. To test this, we treated 4T1
cells with either TubA at 10 µM, GC7 at 10 µM or both for 48 hours. At this time point,
protein lysates were collected as well as phase-contrast images (Figure 6B and 6C). At
that same time point, the media was changed and the cells were re-treated with the same
drugs at the same concentrations; however, this time with the addition of TGFβ at 2.5
ng/mL. We collected protein lysates and phase-contrast images just one day post TGFβ
treatment, calling this the 72-hour time point (Figure 6B and 6C). In addition to this, we
collected mRNA, protein lysates, phase-contrast and immunofluorescences images two
days post TGFβ treatment, calling this the 96-hour time point (Figure 6A, 6B, 6C and
6D). In Figure 6A, qPCR results collected at the 96-hour time point revealed that
treatment of TubA blocks TGFβ-induced EMT by decreasing a mesenchymal marker,
ZEB1. Also, treatment with GC7 failed to block TGFβ-induced EMT; however, to
complement this data, E-cadherin protein expression dramatically increased at this same
time point under the same conditions in figure 6B. Dual treatment of these drugs
suppressed TGFβ-induced EMT shown both in figure 6A and 6B at the transcriptional
and translational level. In agreement with the Ponceau S stains of total protein shown in
figure 6B, figure 6C shows a drastic reduction in cell number when treated with GC7 or
dual treatment at the 96-hour time point. Also at the 96-hour time point,
immunofluorescence images indicate that eIF5A localization is accumulated at the
nucleus during TGFβ treatment alone, as seen in TubA treatment with or without
treatment of TGFβ treatment (Figure 6D). Interestingly, dual inhibition independent of
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TGFβ treatment resulted in accumulation of eIF5A in the nucleus at the 96-hour time
point (Figure 6D). From this data, we conclude that HDAC6 is responsible for the
preparation of eIF5A export and DHPS works in synergism with HDAC6 to further
promote eIF5A export. If both components are blocked, this results in an accumulation of
eIF5A in the nucleus in which TGFβ cannot rescue.
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Figure 6: HDAC6 and DHPS Inhibition Blocks TGFβ-Induced EMT in 4T1 Cells
(A) 4T1 cells were plated and treated with either Tubastatin A (TubA) at 10 µM or GC7
at 10 µM or both drugs together. After 48 hours, the media was changed and re-treated
with the same drugs at those same concentrations; however, this time with the addition of
TGFβ at 2.5 ng/mL. 48 hours after those treatments, RNA was extracted to perform
qPCR for ZEB1 expression. (B) The same experiment described in panel A was
performed and protein lysates were collected at the 48-hour time point post TubA and
GC7 treatment, 24 hours post TubA and GC7 re-treatment and TGFβ treatment labeled as
72 hours as well as 48 hours post TubA and GC7 re-treatment and TGFβ treatment
labeled as 96 hours. Ponceau S stain is shown for each time point with respective western
blots shown below. Immunoblotting was stained for E-cadherin, hypusinated eIF5A, total
eIF5A and β-actin as a loading control. (C) Phase-contrast images of 4T1 cells were
taken before protein lysate collection described in panel B (Scale bar: 100 µm). (D) 4T1
cells were prepared the same way as described in panel A at the 96-hour time point and
stained by immunofluorescence for the indicated proteins, total-eIF5A in green and DAPI
to stain the nuclei in blue. Merge channels are also shown as reference. Time-course of
all experiments is illustrated to the right of panel A (Scale bar: 100 µm).
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Chapter 4: Discussion
Eukaryotic initiation factors have been implicated in tumor progression and
angiogenesis for many cancers. A major hurdle with targeting these proteins is that many
translational and biologically processes can be affected downstream of them. Our
interests lie in targeting eukaryotic initiation factor 5A (eIF5A) because this specific
translation factor carries a unique post-translational modification termed hypusine which
makes it an unambiguous target. Once eIF5A is in an active form, its activity in
promoting protein synthesis and cell growth are fulfilled. Over the past decade, a lot of
research has been performed to study the sequence and molecular characterization of
eIF5A and its two isoforms; eIF5A1 and eIF5A2. These two isoforms share about 84%
identity and 94% similarity to each other and are about 17 kilodaltons (kDa) in size29.
However, some researchers claim that their biological functions may be different. In a
study done by Cracchiolo et al in 2004, show that these two isoforms are ubiquitously
expressed in proliferating cells; however, eIF5A2 has alternative expression levels and
seems to be cell line specific30. They also propose that eIF5A1 be ranked among the top
biomarkers of interest to detect abnormally high proliferative cells found in the
intraepithelial neoplasia of the vulva30. There are currently a few reports suggesting the
subcellular localization of eIF5A in cells. It was previously suggested that nuclear
accumulation of the unmodified form of eIF5A promoted pro-apoptosis, while its
hypusinated form could play a role in cell survival31.
We began this research with eight cell lines representing various subtypes of
breast cancer, including one non-malignant human mammary cell line, MCF10A.
Characterization of these cell lines with basal levels of hypusine and total eIF5A allowed
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us to select a few cell lines that exhibited elevated levels of hypusination activity (Figure
1A). Although all cell lines responded to GC7 treatment, human triple negative breast
cancer cells remained to be insensitive (Figure 2A and 3A). It also interested us to
discover that the non-malignant mammary cell line, MCF10A, was one of the most
sensitive to GC7 treatment. This may be because eIF5A has such a critical role in protein
synthesis and cell survival during normal functioning, and because the non-tumor cells
have been proliferatively immortalized. As seen in pancreatic cancer cell lines shown by
Fujimura et al., we show that PEAK1 protein expression can be down-regulated by
treatment of GC7 in a dose-dependent manner at the 48-hour time point (Figure 3B and
3C). Although hypusinated eIF5A protein expression can be decreased at lower
concentrations, PEAK1 protein expression is targeted at higher concentrations suggesting
a possible proteolytic or translational rescue (Figure 3B). This suggests a novel
therapeutic concept to target metastatic triple negative breast cancer (TNBC) cells.
Regarding novel concepts to target metastatic TNBC, a review by Hu et al,
describe the most common therapies for breast cancer and how their outcomes differ
between treating different breast cancer subtypes. The breast cancer stage that remains to
be the most difficult to treat and also has the lowest patient survival is stage 4 or the
metastatic form of this disease32. A study done in 2013 by Loi et al showed that TNBC
cells have a higher percentage of tumor infiltrating lymphocytes (TIL) present at the site
of the primary tumor which also correlates with the drastic decrease in 5-year survival
rates when diagnosed with this breast cancer subtype33. Also, correlating with this data,
TIL that are present tend to be more commonly represented as CD8+ T cells which
accumulate at the tumor stroma34. Previously published data show that TIL correlate with
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increasing overexpression of programmed cell death (PD-L1) present on TNBC cells35.
PD-L1 overexpression is significantly associated with increased tumor grade, tumor size
as well as induced tumor cell proliferation indicated by upregulation of Ki-67
expression36. A study done by Colvin et al in 2013 show that with increasing
concentrations of GC7, a significant reduction in FOXP3+ T regulatory cell populations,
which have an inverse relationship with CD8+ TIL, were observed in type 1 diabetic
mice in vivo37. This suggests a positive regulation between eIF5A expressing TNBC cells
and PD-L1 ligand attracting FOXP3+ T regulatory cells. This crosstalk between TNBC
cells and the immune system suggests an acquired resistance to the immune engagement
regulated by PD-L1/eIF5A expression. In our research, we also show evidence of
FOXP3+ T regulatory cells and CD8+ T cells present in a mesenchymal breast cancer
patient tissue exhibiting high PEAK1 and hypusination pathway component protein
expression (Figures 1D and E).
Majority of patient death during cancer progression is due to metastatic form in
which the primary cancer cells have disseminated or invaded into the blood stream,
colonizing other distant organs. EMT can be defined as the process in which precedes
metastasis38. When cancer cells undergo EMT, they lose their apical to basal polarity,
break away from the underlying basement membrane in which they were interacting
with, decrease their cell-cell junctions and form a more spindle-like morphology making
them invasive, migratory and highly metastatic. In 2009, the Weinberg lab reviewed
EMT processes in cancer progression in which they proposed a model illustrating the
changes between the cell-extra cellular matrix (ECM) interactions leading to a malignant
phase of tumor growth. Once this interact is broken, this promotes cancer cells to break
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away and feed into the bloodstream and form micro- and macro-metastases at remote
sites where they will then undergo mesenchymal to epithelial transition (MET) to revert
to an epithelial phenotype38. One of the most common and well characterized inducers of
EMT is TGFβ in which epithelial markers such as Epithelial Cell Adhesion Molecule
(EPCAM), Cadherin 1 (CDH1) and Mucin 1 (MUC1) are downregulated and
mesenchymal markers such as Zinc Finger E-Box Binding Homeobox 1 (ZEB1) and
Cadherin 2 (CDH2) are upregulated39. Many studies have been published showing a
direct association between a downregulation of E-cadherin and promotion of EMT. In
contrast, a previously published paper described a polarity protein, PAR6, being a key
regulatory of tight cell to cell junctions in order to form epithelial cell polarity and
plasticity necessary at a metastatic cancer site to form a secondary tumor to undergo
MET40.
Transforming growth factor beta (TGFβ) is a well-known inducer of epithelial to
mesenchymal transition (EMT). We use TGFβ to induce EMT in our selected cell lines
that showed the highest efficacy and potency to GC7 treatment. For the first time, we
show evidence that TGFβ can induce a translational activity by increasing hypusinated
eIF5A protein expression. This induction is a seen briefly at 30 minutes; however, is
maintained for 2 hours in a metastatic mouse cell line (Figure 4B). With this data, we
decided to see if blockade in hypusination could suppress TGFβ-induced EMT. Our
results showed a significant decrease in mesenchymal marker mRNA expression levels
when pre-treating with GC7. Furthermore, we were eager to test other factors that could
be involved to accomplish a complete blockade of TGFβ-induced EMT (Figure 4C).

32

In our research, we have proposed a treatment in which TGFβ-induced EMT can
be suppressed; however, we needed to turn to the literature to discover other factors that
may be involved in this process. Another question that arose was how TGFβ was
regulating eIF5A and if this regulation was a direct connection or due to other proteins.
To this end, we came across a paper in which described that the cellular localization of
eIF5A was identified to be due to a known histone deacetylating enzyme, HDAC619. A
study done by Gu et al showed that TGFβ is a key regulator of HDAC6 function 20. Since
HDAC6 inhibition results in nuclear accumulation of eIF5A also reducing translational
activity, we used Tubastatin A (TubA) to target HDAC6. During dual inhibition of
HDAC6 and DHPS, we found that these drugs work synergistically to decrease cell
number, protein translation as well as nuclear accumulation of eIF5A (Figure 5A, 5B, 5C
and 5D). This finding suggests a condition in which may cause cancer cells to be
sensitive to chemotherapy and drug treatments. By manipulating a cancer cell to become
apoptotic by nature could reverse chemo-resistance, specifically metastatic TNBC cells
and increase a vulnerable state to increase patient survival. To this extent, we sought to
see if TGFβ-induced EMT could further be blocked during dual inhibition. In our
research described above, pre-treatment with a HDAC6 and DHPS inhibitor significantly
decreased TGFβ-induced EMT shown by qPCR and western blot (Figure 6A, 6B and
6C). During DHPS inhibition, TGFβ-induced EMT was reversed shown by an induction
of E-cadherin protein expression and this was also seen during dual inhibition (Figure
6B). Dual inhibition of HDAC6 and DHPS also showed a drastic nuclear accumulation of
eIF5A in which TGFβ was not able to rescue shown by immunofluorescence (Figure
6D).
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To target this pathway, TubA was used to inhibit HDAC6 activity as well as GC7
to inhibit DHPS. There are two alternative drugs available to target HDAC6, Tubacin and
Ricolinostat – which is currently in clinical trials. A novel finding in our research showed
that dual inhibition further blocked TGFβ-induced EMT creating a method in which
could pave the way for the development of targeted therapies to block breast cancer
progression and increase patient survival. Future directions studying this pathway is need
to understand other molecules that may be affected during DHPS and HDAC6 inhibition.
To test this, proteomics may be performed during dual inhibition to show a microarray on
changes in expression profiles. One question that may arise when targeting eIF5A is how
other proteins will be affected when blocking their translation. Further work is necessary
to elucidate these same signaling events and evaluate the success of such targeting
combinations using preclinical in vivo tumor models.
In conclusion, we have formulated a pathway in which TGFβ induces activation
of HDAC6 to migrate into the nucleus to perform deacetylation of proteins such as
eIF5A. Once eIF5A is deacetylated, DHPS and DOHH along with spermidine synthase
activate eIF5A to form its hypusinated form. XPO4 recognizes its hypusine residue and
shuttles eIF5A out into the cytoplasm for functioning. Many other proteins and mRNA
are also shuttled out in this exportin molecule such as Smad3. PEAK1 mRNA can now be
translated into protein where it can function in the tumor promoting role downstream of
TGFβ. PEAK1 has been shown previously to activate Src in which Src phosphorylates
TRII allowing for the recruitment of Grb2. Grb2 can then interact with PEAK1 to
promote the activation of Smad2/3 and MAPK resulting in EMT (Figure 7).
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Figure 7: The Role of HDAC6 and DHPS in TGFβ-Induced EMT in Breast Cancer
When TGFβ binds to TβRII, HDAC6 is activated to de-acetylate eIF5A in the nucleus.
Once de-acetylated, eIF5A is readily available for immediate hypusination and export out
into the cytoplasm. There are many proteins that are shuttled out with hypusinated-eIF5A
such as Smad3. Once Hyp-eIF5A is in the cytoplasm, PEAK1 gets translated and can
promote Src activity in the presence of fibronectin downstream ITGβ3. Src
phosphorylates TβRII recruiting Grb2. Following the recruitment of Grb2, PEAK1
promotes the phosphorylation of SMAD2/3 and MAPK. These pathways result in the
transcription of genes that promote EMT, cancer cell proliferation and survival. We have
shown that by blocking HDAC6 using Tubastatin A and inhibiting DHPS by using GC7,
we can down-regulate PEAK1 protein, suppress TGFβ-induced EMT and promote
nuclear accumulation of eIF5A. There are two alternative drugs available to target
HDAC6, Tubacin and Ricolinostat (which is currently in clinical trials).
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