Tubulin detyrosination induces apoptosis in breast epithelial cells that is overcome by induced oncogenic signaling.
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Results

Premise
The vast majority of cancer mortality is due to metastasis, the process by which cancerous cells
spread to distant organs and limits therapeutic options. Metastasis is very common and rapid in the
triple-negative breast cancer (TNBC) subtype, which also has the worst prognosis and most limited
treatment options for metastatic breast cancer.1 Research into the cellular mechanisms of cancer
metastasis and developing new therapeutics to prevent the spread of disease are important for
treatment of breast cancer, especially TNBC.
Microtubule-targeted drugs are very common in cancer treatment and fall into two main
categories: taxanes/epothilones, which promote microtubule stabilization, or vinca
alkaloids/halichondrins, which promote microtubule depolymerization and collapse.2 Microtubules
are formed by alternating stacks of α-tubulin/β-tubulin heterodimers that originate from the
microtubule organizing center (MTOC). Microtubules are dynamic structures within the cell, and as
they form and grow, post-translational modifications (PTMs) can be made to both α- and β- tubulin,
altering their stability and half-life. These PTMs alter the function of the microtubules through
changing the affinity and interaction with microtubule associated proteins. One such PTM is the
detyrosination of α-tubulin at its C-terminus (deTyr-Tub). This is done by the tubulin
carboxypeptidase (TCP) enzyme and subsequent reversal by tubulin tyrosine ligase (TTL).3–5
However, the genetic identity of the TCP enzyme remained elusive since the 1970s, previously
limiting the ability to understand the roles of the tubulin tyrosination/detyrosination cycle. Recent
back-to-back Science papers have now revealed the identity of the TCP to be a vasohibin (VASH1
or VASH2) coupled with a small vasohibin binding protein (SVBP).6,7 Importantly, cancer cell lines
derived from patients with TNBC displayed elevated levels of deTyr-Tub. Discovery of VASH/SVBP
as the TCP now makes it possible to directly test the impact of the complete tubulin detyrosination
cycle (TCP↔TTL) on tumor cell biology and phenotypes.

Figure 3: MCF10A cells transfected with TCP constructs undergo changes consistent with cell death due to apoptosis.
A. MCF10A cells transfected with VASH1+SVBP displays nuclear consolidation and vesicle formation after 24 hours.
B. Number of GFP positive cells, average cell length, and circularity of the GFP(+) cell was quantified using Nikon HCA.
C. Number of cleaved Caspase3 positive cells is significantly increased following TCP transfection compared to GFP.
Scale bar = 20 microns; *, p<0.05; **, p<0.01

Background
The α-tubulin PTM, deTyr-Tub, has previously been observed to be upregulated at wound edges
in vitro with modified microtubule filaments oriented towards the wound edge. This finding of
directionality of the modification of the microtubule networks suggests that detyrosinated
microtubules play a role in migration and trafficking of components necessary for invasion.
Furthermore, the Martin lab has previously identified the increased deTyr-tubulin in connection with
the epithelial to mesenchymal transition (EMT) transcription factor, Twist.8 Immunohistochemistry of
patient samples reveals elevated deTyr-Tub at the invasive margin is shown in Figure 1 with black
arrows depicting sites of invasion. Despite these observations, the mechanism underlying these
changes was poorly understood due to the limitations in directly modulating deTyr-Tub. The
discovery of the genetic identity of TCP allows for the function of deTyr-Tub to now be elucidated.
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Figure 4: Oncogenic Kras mutations in MCF10A cells protect against cell death following elevated deTyr-Tubulin.
MCF10As with specific oncogenic or anti-apoptotic mutations were transfected with a GFP control vector or TCP vectors
expressing VASH1+SVBP or VASH2+SVBP for 24 hrs. Transfected cells were fixed and stained with an active
Caspase3 antibody to determine the percentage of cells undergoing apoptosis. Oncogenic Kras provides the greatest
reduction in apoptotic cells, followed by Bcl-xL and Bcl-2 overexpression. * p<0.05; ** p<0.01, *** p<0.001, **** p<0.0001

Figure 1: DeTyr-Tubulin is elevated along with the EMT marker, Twist, at the invasive margin of patient breast cancer.
Serial sections of a formalin fixed, paraffin embedded (FFPE) tissue sample from a patient with ductal carcinoma in-situ
(DCIS) was stained for the transcription factor, Twist, or deTyr-Tubulin. Co-localization of staining for these markers is
observed at the invasive tumor front (black arrows). An increase in staining for deTyr-Tub and Twist can be observed at
the margin compared to center of the tumor.8

Results

Figure 5: Increased deTyr-Tub via TCP transfection leads to enhanced gelatin degradation in MDA-MB-231 cells.
MDA-MB-231 breast cancer cells were transfected with GFP, VASH1+SVBP, or VASH2+SVBP constructs for 24 hours
prior to being plated on Cy3 labeled gelatin for 24 hours. Degradation was calculated as the percentage of gelatin
degraded area divided by the area of the cell body using a custom MATLAB code. Scale bar = 20 microns.

Conclusions

Figure 2: VASH + SVBP constructs increase deTyr-Tub in a robust and specific manner.
MCF10A cells were transfected with expression vectors containing VASH1 or VASH2 tagged with sfGFP and a small
vasohibin binding protein (SVBP) under an internal ribosomal entry site (IRES). The increase in deTyr-Tub can be
observed at 16 hours post-transfection in the TCP constructs. Interestingly, the levels of deTyr-Tub and Flag-tagged
vasohibin begin to decrease at 48 hours whereas the Flag-GFP does not decrease. Scale bar = 10 microns.

Using plasmids generated by the Moutin group 6, co-discoverers of the genetic identity of the TCP,
expression VASH1 or VASH2 plus SVBP in breast epithelial cells leads to profound and specific
increases in deTyr-Tub (Figure 2). Immunofluorescence of transfected cells reveals the increase in
deTyr-Tub is filamentous indicting that the TCP is most likely acting on existing polymerized
microtubules. The specificity of deTyr-Tub in GFP-fusion expressing cells allows for GFP presence to be
used as a surrogate for enhanced deTyr-Tub. This finding confirms that VASH1/2 plus SVBP functions
as the TCP in breast epithelial cells.
When transfecting MCF10As with these TCP constructs, some cells showed hallmarks of apoptosis
including nuclear consolidation and formation apoptotic bodies (Figure 3A) Using our Nikon Ti2e
microscope with High Content Analysis, MCF10As transfected with sfGFP, VASH1+SVBP, or
VASH2+SVBP were imaged. The resulting number, length, and circularity of the GFP+ cells were
quantified (Figure 3B) revealing a decrease in cell count and length with the TCP constructs, as well as
an increase in circularity. When stained with an active Caspase3 antibody (Figure 3C), TCP constructs
showed more apoptotic activation than GFP control vector. I sought to determine what anti-apoptotic or
oncogenic mutations could allow breast epithelial cells to tolerate elevated deTyr-Tub (Figure 4).

These data, coupled with previous findings in the Martin lab, suggest that deTyr-Tub imparts a
functional enhancement in the ability of cancer cells to invade. Future work within the lab aims to
specifically target the TCP with small molecular compounds, like EpoY, in order to block the invasive
advantage imparted by elevated deTyr-Tub. The tyrosination/detyrosination cycle of α-tubulin
provides a new molecular target for focused microtubule-directed drugs. Current anti-microtubule
chemotherapies either globally stabilize (ex. taxanes) or depolymerize (ex. vinca alkaloids) cellular
microtubules, and this broad microtubule disruption can reduce tumor growth but also yields
substantial toxic side effects, including immune suppression and neuropathy. This project provides
therapeutic opportunities to avoid the side effects of broad microtubule disruption by specifically
targeting the detyrosinated microtubule subset to reduce breast cancer progression and metastasis.
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