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Targeting ATF5 in Cancer

James M. Angelastrol:2

1Department of Molecular Biosciences, University of California, Davis School of Veterinary
Medicine, Davis, CA 95616

Abstract

Expression of activating transcription factor 5 (ATF5) negatively correlates with patient survival
for different types of cancers. Here, we illustrate ATF5 is important for survival and proliferation
of cancer and can be targeted to selectively trigger apoptosis of cancer cells, but sparing normal
cells. Cell-penetrating peptides combined with a dominant negative ATF5 cargo have shown
efficacy in brain, breast, melanoma, and prostate cancers.
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Forum

Transcription factors activate or repress genes involved in development, proliferation,
differentiation, homeostasis, and in cancer. Targeting transcription factors has the advantage
of direct control of gene regulation to promote a desired cell response. Classical
pharmaceuticals achieve their function through direct binding to receptors to initiate or
inhibit signaling cascades leading to gene activation/repression. The receptor mediated
transcriptional therapeutic effects often coexist with unwanted irrelevant-transcriptional and
non-transcriptional side effects.

To date, apart from nuclear hormone receptors, transcription factors proteins have not been
shown to be good accessible drug targets for small organic molecule drugs. Small protein/
peptides that behave as dominant negative counterparts to their targeted transcription factors,
namely activating transcription factor 5 (ATF5), have shown promise of blocking
proliferation and survival of cancer cells. Blocking ATF5 triggers selective apoptosis in
cancer with the advantage of sparing normal cells, which has not been demonstrated with
other transcription factors.
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ATF5 Biology

ATF5 belongs to the family of cAMP-response-element binding proteins/activating
transcription factors (CREBS)/ATFs) that serve in neural synaptic plasticity and memory,
endoplasmic reticulum and cellular stress, maintenance of neural progenitors, and cell
proliferation. Like each family member, ATF5 possesses an N-terminal amino acid sequence
for transactivation, a basic DNA binding domain, a leucine zipper composed of a sequence
of heptad repeats of leucine involved in homodimerization or binding to other leucine zipper
transcription factor binding partners, and a C-terminal end (Figure 1A) [1]. Two mRNAs
distinct on their 5’-untranslated ends, ATF5a and less abundant ATF5 translate the same
ATFS5 protein [1]. The ATF5a transcript has two open reading frame sites. The first initiates
ATF5, while the second inhibits translation. There are two putative Kozak translational start
sites initiating expression of a longer 30 KDa or a shorter 22 KDa ATF5 protein. Expression
of the two lengths variants is specific to cell type, but functional roles regarding their lengths
are not known. [1].

ATF5 is expressed in a variety of tissue types that include olfactory neurons, neural
progenitor cells, with the highest expression in the liver. ATF5 serves in cell survival,
proliferation, and inhibition of neural differentiation. ATF5 upregulates both Egrl [2] and
cycD3 genes [1] that are involved in proliferation. Egr-1 also has a role in survival along
with ATF5-transcriptionally regulated anti-apoptotic genes, BCL2 and MCL1 [3, 4].
Deubiquitinase USP9X expression is also governed by ATF5, and USP9X post-
translationally stabilizes both BCL2, MCL1, and MCL1-stability protein, Bag3 [5]. ATF5
itself is stabilized by binding to heat shock protein 70 [6], but is degraded by binding to
nucleophosmin in hepatocellular carcinomas [6]. Under cellular stress, ATF5 is either
transcriptionally induced as in amino acid starvation or in cytotoxicity, [1, 7], or
translationally induced by heat shock, endoplasmic reticulum stress, or arsenite exposure
[1]. The latter promotes phosphorylation of eukaryotic initiation factor elF2 leading to
translation of ATF5 using the first opening frame site [1]. ATF5-mediated rescue of cells
from stress is achieved by upregulation of chaperone heat shock proteins [1]. Given these
roles, it is apparent that ATF5 may encourage proliferation in cancer and aid in the rescue of
cancer cells from stress.

High ATF5 tumor specific expression is seen in glioblastomas, astrocytomas,
adenocarcinomas, transitional cell carcinomas, squamous cell carcinomas, and metastatic
carcinomas [1]. Surrounding cells in the tumor microenvironment are ATF5 negative [1].
One exception is hepatic carcinomas where a worse prognosis is associated with lower levels
of ATF5 [6].

Development of ATF5 peptide drugs

The ATF5 antagonist (dominant negative ATF5; d/n-ATF5) was designed as a N-terminally
truncated construct, with the DNA binding domain replaced with an acidic amphipathic a-
helical sequence encompassing mostly heptad repeats of leucine, and an unchanged leucine
zipper and C-terminal [8] (Figure 1B).
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Transfection of d/n-ATF5 transgene triggered massive apoptosis in glioma, breast, ovarian,
and pancreatic cancer cell lines (Table 1) [1, 9, 10]. Infection of rat brain glioma allografts
with d/n-ATF5 retrovirus resulted in massive apoptosis of tumor cells [1] but not of normal
astrocytes. Induction of transgenic d/n-ATF5 in a mouse model which gliomas were created
from resident neural progenitors resulted in tumor prevention or complete eradication (Table
1) [11]. In all cases, normal cells were spared [11]. To migrate from a transgene to a
therapeutic deliverable drug, d/n-ATF5 was N-terminally fused to the cell penetrating
peptide motif penetratin. This fusion was manufactured in bacteria as Cell Penetrating-d/n-
ATF5 recombinant peptide (CP-d/n-ATF5-RP), or as a chemically synthesized peptide (CP-
d/n-ATF5-S1). Both forms included truncation of 25 C-terminal amino acids, and exclusion
of the C-terminus domain, to reduce aggregation without compromising efficacy (Figure 1C
& D) [12]. In vitro, CP-d/n-ATF5-RP and CP-d/n-ATF5-S1 promoted apoptosis of cancer
cell lines. In fact, CP-d/n-ATF5-S1 was shown to promote apoptosis in a broad spectrum of
tumors (Table 1) [5, 12]. CP-d/n-ATF5-S1 induces apoptosis by disrupting the expression of
prosurvival proteins, ATF5 itself, deubiquitinase USP9X, BCL2, BAG3, and MCL1 [5].
Loss of USP9X leads to greater degradation of Bag3, MCL1, and BCL2 through their
enhanced ubiquitination. The addition of CP-d/n-ATF5-S1 with TRAIL or the BH3-mimetic
ABT263 to cancer cell lines revealed synergism by increased apoptosis compared to CP-d/n-
ATF5-S1, MCL1, or ABT263 added separately. In fact, the loss of MCL1 and Bag3 induced
by CP-d/n-ATF5 is thought to promote this synergism including cancer cells more resistant
to TRAIL or ABT263 [5].

Intraperitoneal or subcutaneous systemic drug injection of mice with PDGF-B/sh-p53
induced gliomas showed that CP-d/n-ATF5-RP crosses the blood brain barrier and is
incorporated in glioma and normal brain cells with retention up to 72 hours. The gliomas
were eradicated after two succeeding treatments of CP-d/n-ATF5. There was no regrowth or
recurrence of gliomas from 6 to 13 months after CP-d/n-ATF5-RP treatment [12]. In a
separate study, using intracranial human glioma orthotopic xenografts as a model for human
gliomas in mice, CP-d/n-ATF5-RP and CP-d/n-ATF5-S1 suppressed glioma growth with
increased survival time for one glioma line [5, 12]. Likewise, CP-d/n-ATF5-S1 significantly
reduced the growth of melanoma, prostate, and glioma subcutaneous xenografts, and caused
regression of orthotopic triple negative breast cancer [5] (Table 1). CP-d/n-ATF5-S1 was not
effective in pancreatic and colorectal cancers [5]. Both forms of the cell-penetrable d/n-
ATF5 were not toxic to normal cells [5, 12] or tissues, and the kidney and liver function was
not affected in exposed animals [12].

In summary, interfering with ATF5 function selectively triggers massive apoptosis and
regression of tumors. Future efforts are underway to identify transcription factors that
directly bind to ATF5 and serve as partners in regulation of prosurvival genes. The multi-
targeting of ATF5 and its binding partners could both increase the efficacy and prolong the
disruption of prosurvival genes to maximize cancer treatment. These findings open doors for
the pursuit of drug candidates that block the function of downstream prosurvival proteins.
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Concluding Remarks

The concept of selectively targeting transcription factors as a regimen for cancer therapeutics
is on the path to realization. In this case, a cell penetrable dominant negative form (that
shares the leucine zipper of ATF5) blocks ATF5 function. It is well-documented that in the
absence of neoplasia, ATF5 function is cell or tissue type dependent. By contrast, ATF5
appears to govern a battery of the same prosurvival proteins across a broad spectrum of rare
and more common cancers. Finally, these pioneering efforts opens the doors of targeting
ATF5 by different therapeutic strategies.
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Figure 1.
ATF5 and dominant negative ATF5 constructs. (A) Human wild type native full length ATF5

contains an N-terminal, basic DNA binding, leucine zipper, and C-terminal within 282
amino acid length. (B) D/N ATF5 protein has the Flag-tagged reporter with amino acid
extension, acidic amphipathic a-helical sequence, wild type leucine zipper and C-terminal
domain. (C) The bacteria recombinant cell penetrating d/n-ATF5 has the Penetratin motif N-
terminal to the Flag-tagged reporter with amino acid extension, acidic amphipathic a-helical
sequence, wild type leucine zipper, but C-terminally truncated. (D) The chemical synthetic
form has penetratin N-terminal to acidic amphipathic a-helical sequence, wild type leucine
zipper, but lacks the Flag-tagged reporter with amino acid extension, and C-terminus. The
removal of the C-terminal domain reduces peptide aggregation during bacterial or chemical
manufacturing, but does not affect drug mechanism of action, and pharmacological
properties. The removal of Flag with amino acid extension for the chemical synthetic CP-
d/n-ATF5 eliminates Flag antibody detection required for detection in tissues, but there are
no differences in drug mechanism, and pharmacological properties. Elimination of Flag-tag
with amino acid extension increases ease of manufacturing with cost reduction for
preclinical studies.
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Table 1

Tumors responsive toward ATF5 antagonism.
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Tumor Type Tumor origin d/n-ATF5 Antagonism Method | Outcomes
Glioma In vitro Transgene transfection [1] Apoptosis[1]
In vivo
Allograft Retrovirus [1] Apoptosis [1]

Induced Gliomas

Transgenic [11]

Prevention/Eradication [11]

Orthotopic CP-d/n-ATF5-RP [12] Growth Attenuation [12]
Orthotopic CP-d/n-ATF5-S1 [5] Growth Attenuation [5]
Xenograft CP-d/n-ATF5-S1 [5] Growth Attenuation [5]
Epithelial Ovarian In vitro Transgene transfection [9] Apoptosis [9]
Breast In vitro Transgene transfection [1] Apoptosis [1]
In vivo
Orthotopic CP-d/n-ATF5-S1 [5] Regression [5]
Pancreatic In vitro Transgene transfection [10] Apoptosis [10]
In vivo
Xenograft CP-d/n-ATF5-S1 [5, 10] No Growth Attenuation [5]
Prostate (hormone-refractory) | /n vitro CP-d/n-ATF5-S1 [5] Apoptosis [5]
In Vivo
Xenograft CP-d/n-ATF5-S1 [5] Growth Attenuation [5]
Lung (non-small cell) In vitro | CP-d/n-ATF5-S1 [5] Apoptosis [5]

Colorectal | In vivo/Xenograft | CP-d/n-ATF5-S1 [5] | No Growth Attenuation [5]
Melanoma (BRAF mutated) In vitro CP-d/n-ATF5-S1 [5] Apoptosis [5]
In vivo
Orthotopic CP-d/n-ATF5-S1 [5] Growth Attenuation [5]
Myeloid Leukemia | In vitro | CP-d/n-ATF5-S1 [5] | Apoptosis [5]
B-Cell Lymphoma | In vitro | CP-d/n-ATF5-S1 [5] | Apoptosis [5]
Chronic Myeloid Leukemia | In vitro | CP-d/n-ATF5-S1 [5] | Apoptosis [5]
Raji Burkitt Lymphoma Cells | In vitro | CP-d/n-ATF5-S1 [5] | Apoptosis [5]
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