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Received for publication, November 17, 2008, and in revised form, February 6, 2009 Published, JBC Papers in Press, February 18,2009, DOI 10.1074/jbc.M808708200
Jun Zhou''?, Chantal Chanel Vos®', Ada Gjyrezi®, Minoru Yoshida®, Fadlo R. Khuri*, Fuyuhiko Tamanoil,

and Paraskevi Giannakakou***

From the *Winship Cancer Institute, Emory University School of Medicine, Atlanta, Georgia 30322, the §Departmem‘ of Medicine,
Division of Hematology/Clinical Oncology, Weill Cornell Medical College, New York, New York 10065, the "Chemical Genetics
Laboratory/Chemical Genomics Group, RIKEN Advanced Science Institute, Wako, Saitama 351-0198, Japan, and the HDepartments
of Microbiology, Immunology, and Molecular Genetics, UCLA, Los Angeles, California 90095

The cytoplasmic deacetylase HDAC6 is an important regula-
tor of cellular pathways that include response to stress, protein
folding, microtubule stability, and cell migration, thus repre-
senting an attractive target for cancer chemotherapy. However,
little is known about its upstream regulation. Our previous work
has implicated HDAC6 as a new protein target for the farnesyl-
transferase inhibitors (FTIs), although HDACS6 lacks a farnes-
ylation motif. Here we show that the protein farnesyltransferase
(FTase) and HDACS6 are present in a protein complex together
with microtubules in vivo and in vitro. FTase binds microtubules
directly via its a subunit, and this association requires the C
terminus of tubulin. Treatment with an FTI removed FTase, but
not HDACS6, from the protein complex, suggesting that the
active form of FTase is bound to microtubules. Importantly, the
removal of FTase from microtubules abrogated HDAC6 activ-
ity, as did a stable knockdown of the « subunit of FTase
(FTaKD). Interestingly, the FTaKD cells showed increased
sensitivity to the antiproliferative effects of Taxol and the FT1
lonafarnib when used either as single agents or in combina-
tion as compared with parental cells. Altogether, these data
suggest that FTase, via its tubulin-association, is a critical
upstream regulator of HDAC6 activity and that FTase expres-
sion could help stratify cancer patients that would most ben-
efit from this treatment.

The protein farnesyltransferase (FTase)* is a prenylation
enzyme that recognizes proteins with a COOH terminus CAAX
motif and catalyzes the transfer of a 15-carbon farnesyl group
from a farnesyl pyrophosphate to the C-terminal cysteine.
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FTase is an af3 heterodimer in which the « subunit is shared
with another prenylation enzyme, the geranylgeranyltrans-
ferase I, whereas the 8 subunit is responsible for substrate spec-
ificity (for a review, see Ref. 1). Among the more than 50 pro-
teins known to contain a farnesylation motif, Ras has been the
most studied for its prevalence in malignant transformation.
Based on evidence that Ras downstream signaling was depend-
ent on Ras association with the plasma membrane through the
addition of a farnesyl group, inhibitors of the protein farnesyl-
transferase (FTIs) were developed for cancer chemotherapy
(for a review, see Ref. 2). Unexpectedly, it turned out that K-Ras
and N-Ras could be alternatively geranylgeranylated and thus
reduced the anticipated clinical activity of FTIs. Moreover,
FTIs were shown to retain antitumor properties in cells where
K-Ras remained anchored at the plasma membrane, suggesting
that other proteins in addition to Ras were affected by FT1 treat-
ment, contributing to the overall antitumor activity of this class
of drugs. Another problem that has hindered the clinical devel-
opment of FTIs has been the poor understanding of the pro-
teins that are regulated by FTase, thus, prohibiting the identifi-
cation of tumor types and/or individual cancer patients more
likely to benefit from this type of treatment.

Interestingly, the combination of FTIs with taxanes, among
most other classes of cancer chemotherapeutics, was shown to
be very effective in preclinical cancer cell models as well as in
early clinical trials (3—6). However, the mechanism behind the
FTI/taxane synergy remains yet to be elucidated. We have
recently shown that the FTI lonafarnib (LNF) inhibited the
tubulin deacetylase function of HDACS, thus increasing tubu-
lin acetylation and stability and facilitating Taxol binding to the
stabilized microtubule, which is the preferred substrate for tax-
anes (7, 8). Although these results implicate HDAC6 as a new
protein target for the FTIs, the exact mechanism of FTI-in-
duced HDACS inhibition remains to be understood.

HDACS is a Class IIb histone deacetylase (HDAC), which,
unlike most other histone deacetylases, is mainly cytoplasmic
and targets nonhistone substrates, with tubulin being the first
identified target protein (9-11). To date, HDAC6 has been
shown to regulate the acetylation and activity of several other
proteins, such as the protein chaperone hsp90 (12, 13), the
actin-binding protein cortactin (14), B-catenin (15), and the
peroxiredoxins [ and II (16). Apart from its deacetylase activity,
HDACES also plays an important role in the aggresome forma-
tion, through its binding and transport of polyubiquinated mis-
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folded proteins (17), and localizes to stress granules upon expo-
sure of cells to environmental stress (18). Despite the wealth of
emerging data on HDACS target proteins, only little is known
about the upstream proteins/pathways that regulate HDAC6
activity. HDAC6 was shown to be phosphorylated and activated
by the Aurora-A kinase in the cilia (19) and to be involved in the
transforming growth factor-B-induced epithelial to mesenchy-
mal transition (20). Interestingly, although HDAC6-null mice
are viable and do not appear to have any developmental defect,
HDACG6 was recently found to be required for Ras-induced
oncogenic tumorigenesis (21). Thus, HDAC6 represents an
attractive target for cancer chemotherapy, and a better under-
standing of its cellular regulation is needed for the development
of effective targeted HDAC6 therapies.

In the present study, we report that the protein FTase is an
important upstream regulator of HDACG6 activity. We identify
FTase in a protein complex with microtubules and HDACS,
and we show that removal of FTase from this tripartite complex
abrogates HDACG6 activity. FTase does not bind HDAC6
directly but regulates its activity via the binding of each respec-
tive protein to microtubules. The binding of FTase to microtu-
bules is direct and mediated by the a subunit of FTase and the C
terminus of tubulin. Stable knockdown of FTase-« results in
HDACS inactivation, phenocopying the pharmacological inhi-
bition of FTase. Additionally, FTase-a knockdown sensitized
cells to Taxol or FTI treatment, further suggesting that FTase
expression and activity are important determinants of HDAC6
activity and HDACG6 target proteins. These results provide new
insight into the cellular regulation of HDAC6 with important
clinical implications.

EXPERIMENTAL PROCEDURES

Materials, Cell Lines, and Plasmids—A549 and HEK293 cell
lines were obtained from the ATCC. MCF7:GFP-tubulin cells
were a gift from Mary Ann-Jordan (University of California,
Santa Barbara, CA) (22). All cells were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum. Paclitaxel,
vinblastine, colchicine, and trichostatin A (TSA) were pur-
chased from Sigma. LNF, tipifarnib, and FTI-277 were from
Schering-Plough, Johnson & Johnson, and Calbiochem, respec-
tively. FLAG-tagged HDAC6 (W'T and mutant) and HA-tagged
FTase-B (WT and Y361L mutant) expression plasmids were
described previously (23, 24). Antibodies against HDJ-2 were
from Labvision NeoMarkers (Fremont, CA), and HDAC6 and
B-tubulin were from Cell Signaling. Mouse monoclonal anti-
bodies against FTase-a and FTase-$3, H-Ras, and HIF-1a were
from BD Biosciences. Rabbit polyclonal antibodies against
FTase-a and FTase-f were from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA). Antibodies against acetylated a-tubulin,
HA, glutathione S-transferase (GST), and FLAG were from
Sigma. Rabbit polyclonal antibody against MBP was from New
England Biolabs.

In Vitro Tubulin Deacetylation Assay—The tubulin deacetyla-
tion assay was carried out essentially as described (9). Briefly,
microtubule-associated protein (MAP)-enriched tubulin (cyto-
skeleton) was preformed into microtubules in the absence of
paclitaxel or glycerol by incubation for 30 min at 35 °C. Pre-
formed microtubules were incubated at 37 °C for 2 h with either
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FLAG-HDAC6 immunoprecipitates or affinity-purified His-
HDACS6. Samples were then placed on ice for 15 min. The
supernatant was collected by centrifugation and analyzed by
immunoblotting with antibodies against acetylated a-tubulin
and total a-tubulin, respectively.

Immunoprecipitation and Immunoblotting—Cells were
lysed in a buffer containing 20 mm Tris-HCI (pH 7.5), 150 mm
NaCl, 1 mm EDTA, and 0.5% Nonidet P-40 with the protease
inhibitor mixture (Roche Applied Science). The whole cell
lysate (500 ug) was incubated with preformed protein A/G-
Sepharose bead-antibody mixtures or anti-FLAG M2-agarose
beads (Sigma) at 4 °C for 2 h. Samples were washed four times
with the lysis buffer, resolved by SDS-PAGE, and immuno-
blotted as described previously (25). 20 ug of total cell lysate
was loaded as input control.

In Vitro Protein Binding Assays—For the microtubule-de-
pendent in vitro interaction of HDAC6 and FTase, purified
FTase (containing both GST-FT and MBP-FT«) was bound
through its GST tag and is thus referred to as GST-FT. To assess
the role of each FTase subunit in this interaction, GST, GST-
tagged FTase-B (GST-FTB), MBP, and MBP-tagged FTase-«
(MBP-FT ) were expressed in E. coli and purified using gluta-
thione-agarose (for the GST tag) or amylose-agarose (for the
MBP tag) beads, respectively, as described (23). His-tagged
HDAC6 was produced using the baculoviral system and affini-
ty-purified as described (10). MAP-free tubulin (cytoskeleton)
was incubated with 20 um paclitaxel at 35 °C for 30 min to
preform microtubules. For the in vitro binding assay, GST alone
and GST-FTB immobilized on glutathione-agarose beads or
MBP alone and MBP-FT « immobilized on amylose beads were
incubated at 35 °C for 2 h with either preformed microtubules
or nonpolymerized MAP-free tubulin (cytoskeleton) in the
presence or absence of purified His-HDAC6. The final concen-
tration for each protein was 5 um. The pellets (beads) were
collected by centrifugation, washed three times with PBS buffer
containing 300 mm NaCl, and then subjected to SDS-PAGE and
immunoblot. For a subset of experiments, the C terminus of a-
and B-tubulin in preformed microtubules was removed by
extensive digestion with subtilisin as described (26). The total
protein bound to the beads (B) and one-fifth of the total
unbound supernatant (U/) were loaded on an SDS-polyacryl-
amide gel.

Farnesylation Assay—Farnesylation assays were performed
in a buffer containing 50 mm Tris-HCI (pH 7.4), 10 mm MgCl,,
5 uMm ZnCl,, and 5 mm dithiothreitol, as described previously
(23). The substrates used were GST-fused with short peptides
containing C-terminal CAAX motifs, and the prenyl substrates
used were [*H]farnesyl pyrophosphate (22.5 Ci/mmol; 1 Ci =
37 GBq). The concentration of the wild type and Y361L mutant
GST-FTB was optimized and was ~100 nM for each assay.

Stable Knockdown of FTase-a Using shRNA Lentiviral
Vectors—Knockdown of human FTase-a (accession number
NM_002027) in A549 cells was achieved using shRNA lenti-
viral vectors following instructions from the manufacturer
(OpenBiosystems). Briefly, HEK293 cells were transfected
with VSV-G, packaging (both plasmids from Addgene), and
FTase-a shRNA plasmids to produce shRNA lentiviral
particles. Five different FTase-a shRNAs were tested
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FIGURE 1. HDACG interacts with FTase. A, exogenous HDAC6 interacts with
exogenous FTase. HEK293 cells were transfected with different FLAG-tagged
plasmids (empty vector, WT HDAC6, or TRAF3) and HA-FTB plasmid. Cell
lysates (500 wg) were immunoprecipitated (/P) with an anti-FLAG antibody
and immunoblotted (/B) as indicated. B, exogenous HDACG6 interacts with
endogenous FTase-a and FTase-B. A549 cells were transfected with different
FLAG-tagged constructs (HDACS6, vector, or TRAF3), immunoprecipitated
asin A, and immunoblotted for endogenous FTase subunits, as indicated.
C, endogenous HDACG interacts with endogenous FTase. A549 cells were
immunoprecipitated with anti-HDAC6 or IgG control and immunoblotted
as indicated.

(TRCN34584, TRCN34585, TRCN34586, TRCN34587, and
TRCN34588). Viral supernatants from single shRNA trans-
fections or a pool of all five shRNAs transfected together
were used to transduce A549 cells, and selection of FTase-a
KD cells was achieved using puromycin. Only lentiviral con-
structs derived from pooled shRNAs and single shRNAs
TRCN34584 and TRCN34585 yielded puromycin-resistant
A549 clones. FTase-a knockdown was verified by reverse
transcription-PCR using primers described elsewhere (27)
or real time quantitative reverse transcription-PCR, as de-
scribed in Fig. S2A.

Drug Sensitivity Assay—Cytotoxicity assays using the pro-
tein-staining sulforhodamine B method were performed in
96-well plates, as described previously (28).

RESULTS

HDACEG6 Interacts with FTase—We have previously shown
that FTIs increased tubulin acetylation and microtubule stabil-
ity by inactivating the tubulin deacetylase HDAC6. Although
this finding provided a molecular explanation for the reported
synergy between FTIs and taxanes, known to preferentially
bind stable microtubules, it did not explain how an inhibitor of
protein farnesylation could affect HDAC6 and tubulin, given
that neither protein contains a CAAX farnesylation motif.
To explore the functional relationship between FTase and
HDACS, we first examined whether the two proteins interact
with each other. To do so, we co-transfected plasmids encoding
either HA-FTase-3 or FLAG-HDAC6 constructs in HEK293
cells, immunoprecipitated HDAC6 with an anti-FLAG anti-
body, and assessed for the presence of FTase using an anti-HA
antibody (Fig. 14). HA-FTase-3 was only immunoprecipitated
by FLAG-HDACS6 but not by a control vector or an irrelevant
FLAG-tagged protein like Traf3, a protein involved in the
tumor necrosis factor receptor signaling. Furthermore, exog-
enously expressed HDAC6 was able to co-precipitate endoge-
nous FTase in the A549 lung cancer cell model previously used
in our studies of the FTI/Taxane synergy (7) (Fig. 1B). Finally,
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FIGURE 2. Microtubules are required for the HDAC6-FTase interaction.
A, effects of microtubule inhibitors on the HDAC6-FTase interaction. HEK293
cells were transfected as in Fig. 1A, treated with 10 um Taxol (PTX), vinblastine
(VBL), or colchicine (COL) for 6 h at 37 °C. Cell lysates were immunoprecipi-
tated (IP) with anti-FLAG antibodies and immunoblotted as indicated. B, en-
dogenous a-tubulin interacts with endogenous FTase and HDAC6. A549 cells
were immunoprecipitated with anti-a-tubulin or IgG and immunoblotted as
indicated. C, role of microtubules and soluble tubulin dimers on the HDAC6-
FTase interaction in vitro. Purified His-HDAC6 was incubated with purified
GST or GST-FTase immobilized on glutathione-agarose beads in the presence
of preformed Taxol-stabilized, MAP-free microtubules (MT), or MAP-free non-
polymerized tubulin (Tubulin). The final concentration for each protein was 5
uM. Samples were centrifuged, and proteins bound to the GST-FTase beads
(B) or unbound fractions (U) were detected by immunoblotting. D, FTase
interacts directly with microtubules in vitro. MAP-free Taxol-stabilized pre-
formed microtubules or nonpolymerized soluble tubulin were incubated
with purified GST or GST-FTase immobilized on glutathione-agarose beads.
Samples were centrifuged, and proteins bound to the beads or presentin the
unbound fraction were detected by immunoblotting.

the FTase-HDAC6 interaction was also observed with the
endogenous proteins in A549 cells (Fig. 1C). Collectively, these
results show that there is a physical association between
HDACS6 and FTase in vivo.

Microtubules Are Required for the FTase-HDAC6 Interaction—
Our data revealed that all classes of FTIs when combined with
Taxol synergistically enhance tubulin acetylation (Fig. S1),
thereby implicating microtubule function in their mechanism
of synergy. To assess the role of the microtubule cytoskeleton in
the newly identified HDAC6-FTase complex (Fig. 1) we treated
HEK-293 cells co-transfected with HA-FTase-B and FLAG-
HDAC6 with either Taxol (microtubule stabilizer) or the tubu-
lin-depolymerizing drugs vinblastine and colchicine. The inter-
action between HDAC6 and FTase was then evaluated by
co-immunoprecipitation. Treatment with vinblastine or col-
chicine (Fig. 24) inhibited the HDAC6-FTase interaction only
at concentrations (10 um) that induced robust microtubule
depolymerization (data not shown). Treatment with paclitaxel,
on the other hand, did not affect the HDAC6-FTase protein
complex, despite the ability of the drug to polymerize cellular
microtubules (data not shown). Taken together, these results
suggest that the presence of microtubule polymers in cells is
required for the physical association between these two pro-
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teins. To examine whether tubulin is part of the HDAC6-FTase
complex, we immunoprecipitated endogenous tubulin from
A549 cells and observed that the two FTase subunits, @ and 83,
together with HDAC6 were present in the tubulin immunopre-
cipitates (Fig. 2B).

Based on these results, we determined and assessed whether
the interaction between HDACG6 and FTase is direct or medi-
ated by microtubules. An in vitro GST pull-down assay was
performed in which purified GST-FTase immobilized on glu-
tathione-agarose beads was incubated together with purified
His-HDACS in the presence of purified microtubule polymers
(MT) or tubulin dimers (Tubulin) (Fig. 2C). As seen in lane 3,
HDACG6 was hardly detectable in the FTase pull-down in the
absence of exogenous tubulin, indicating that HDAC6 is unable
to interact directly with FTase in vitro. The addition of pre-
formed MAP-free microtubule polymers (lane 7) allowed the
binding of His-HDAC6 to GST-FTase. When soluble tubulin
(lane 9) was added to the reaction, some binding of His-HDAC6
was observed, albeit to a lesser extent. These results clearly
show that microtubule polymers, even in the absence of MAPs,
are necessary and sufficient for the HDAC6-FTase interaction.

HDACS6 has been previously shown to bind microtubules
directly (9—-11). Here we show that HDACS, in the absence of
microtubule protein, does not bind FTase directly, suggesting
that FTase itself probably interacts with microtubules. To
investigate whether FTase binds tubulin or microtubules in
vitro, we incubated purified GST-FTase with either preformed
MAP-free microtubule polymers or MAP-free tubulin dimers.
As seen in Fig. 2D, microtubules were specifically pulled down
by GST-FTase but not by GST alone (lanes 3 and 1, respec-
tively). By contrast, only a small amount of soluble tubulin was
associated with GST-FTase (lane 5). These results thus indi-
cated that FTase binds tubulin directly and interacts preferen-
tially with microtubule polymers.

FTase Is a Direct Binding Partner for Microtubules via Its
Subunit—FTase is formed by the association of two subunits, «
and f3, both of which are required for the catalytic activity of the
enzyme. In the experiments described thus far, we used both
FTase subunits; therefore, we set out to determine which sub-
unit mediates the association with microtubules. We per-
formed pull-down experiments using either purified MBP-FT
or purified GST-FTSB in the presence of cell lysates from
NIH3T3 or A549 cells (data not shown). As seen in Fig. 34,
tubulin was more readily pulled down by MBP-FT« than by
GST-FTB, suggesting that the FTase-a subunit mediates bind-
ing of FTase to microtubules. Although the GST or MBP tag
used here could affect binding to tubulin, in a way that could
impair the GST-FTB binding, our previous results (Fig. 2)
showing efficient binding of GST-tagged FTase-« and -8 sug-
gest that this is not the case.

Importantly, subtilisin digestion of tubulin, which removes
the C-terminal tails of a-and B-tubulin, completely abolished
the interaction of FTase with microtubules (Fig. 3B), showing
that the C-terminal tail of tubulin mediates the FTase binding.
Intriguingly, this region of tubulin is also the binding site for
known MAPs, such as MAP2. We then wondered whether the
presence of MAPs would affect the binding of FTase to micro-
tubules. To test this hypothesis, we performed a pull-down
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FIGURE 3. FTase interacts directly with microtubules via its « subunit.
A, FTase binding to tubulin is mediated by the FTase-a subunit. Purified MBP-
tagged FTa (MBP-FTa) or MBP alone immobilized on amylase beads and
GST-tagged FTase-B (GST-FTB) or GST alone immobilized on glutathione
beads were incubated with cell lysates. Bound protein fractions were
resolved by SDS-PAGE and immunoblotted (/B) for the presence of FTase
subunits and tubulin. No tubulin was detected in control MBP or GST beads.
L, protein ladder. B, deletion of the C terminus of tubulin abolishes the inter-
action between FTase and microtubules. The C terminus of a- and B-tubulin
in preformed microtubules was removed by proteolysis with subtilisin
(MTACQ). The in vitro interaction between FTase and intact (MT) or cleaved
microtubules was evaluated as in A. C, MAPs interfere with the binding of
tubulin to FTase. MBP control or MBP-FTa beads were incubated with pre-
formed MAP-containing or MAP-free microtubule protein.

assay using MBP-FTase-« incubated with either purified pre-
formed MAP-containing or MAP-free microtubules (Fig. 3C).
Our results show that the presence of MAPs inhibited the bind-
ing of tubulin to MBP-FTase-a, suggesting that FTase might
compete with MAPs for microtubule binding.

Effects of FTIs on the HDAC6-Microtubule-FTase Protein
Complex and Activity—W e next sought to investigate the effect
of FTI treatment on the HDAC6-FTase-microtubule protein
complex by co-immunoprecipitation assays (Fig. 44). We
treated A549 cells with different classes of FT1s, using concen-
trations that effectively inhibited the enzymatic activity of
FTase, as evidenced by the inhibition of HDJ-2 farnesylation,
and observed that drug treatment inhibited the HDAC6-FTase
as well as the FTase-microtubule interactions, whereas it had
no effect on the HDAC6-tubulin association. Notably, FTIs also
inhibited the HDAC6 tubulin deacetylase function (increased
tubulin acetylation), in agreement with our previously pub-
lished data (7). On the other hand, pharmacological inhibition
of HDAC6 by the pan-histone deacetylase inhibitor TSA had no
effect on the formation of the triprotein complex nor on FTase
activity (lack of inhibition of HDJ-2 farnesylation), whereas it
did inhibit the tubulin deacetylase activity of HDACS6, as
expected. These results suggest that FTase, via its microtubule
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FIGURE 4. Effects of FTIs on the HDAC6-microtubule-FTase complex and activity. A, FTIs abrogate the
FTase-HDAC6 interaction and the FTase-microtubule (MT) interaction but not the HDAC6-microtubule inter-
action. A549 cells were treated with 10 um FTls or 0.5 um TSA for 16 h at 37 °C. Cell lysates were immuno-
precipitated (/P) with anti-HDAC6 or anti-a-tubulin antibodies and immunoblotted as indicated. Tubulin
acetylation and HDJ-2 farnesylation were examined to show the activity of TSA and FTlIs, respectively.
N, nonfarnesylated HDJ-2; F, farnesylated HDJ-2. B, interactions between WT and Y361L mutant FTase with WT
and H216A/H611A mutant HDAC6 and the effect of LNF on these interactions. HEK293 cells were transfected
with various plasmid combinations, treated or untreated with 10 um LNF for 16 hat 37 °C,immunoprecipitated,
and immunoblotted as indicated. C, LNF inhibits the activity of wild type but not theY361L mutant FTf.
D, effects of FTIs on the tubulin deacetylase activity of HDAC6 in vitro. Preformed MAP-enriched microtubules
that are heavily acetylated (lane 7) were incubated with FLAG-HDAC6 immunoprecipitates (/P) from A549 cells
transfected with FLAG-HDAC6 or incubated with affinity-purified His-HDAC6 in the presence of various com-
pounds for 2 h at 37 °C. HDAC6 activity was evaluated by the decrease of acetylated tubulin examined by
SDS-PAGE and immunoblotting. FLAG-HDAC6 (H216A/H611A) mutant IP (Mut) was included as a control. FTIs

were used at 10 um and TSA at 0.5 um.

association, is involved in the regulation of HDACG6 activity and
that FTI-mediated inhibition of HDAC6 may result from the
disruption of the FTase-HDACS6 protein complex.

To examine whether the enzymatic activity of FTase or
HDACS is required for their association, we examined the
interactions of exogenously expressed HA-tagged WT or
Y361L mutant FTase-B with FLAG-tagged WT or H216A/
H611A catalytically inactive double mutant HDACG6 by co-
immunoprecipitation (Fig. 48). Our results show that the cata-
lytic activity of HDACS is not required for the formation of the
FTase-HDAC6 complex nor for its susceptibility to disruption
by FTI (LNF) treatment. To assess the requirement for the
FTase enzymatic activity, we used the Y361L FTase-3 mutant,
previously shown to retain 70% of FTase activity and to be
resistant to various FTTs, including the tricyclic SCH44342 and
SCH56582 as well as the peptidomimetic BMS193269 and
B1088 (23). Here we show that the Y361L mutant FTase-f3 is
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bility that FTIs act directly on
HDACS6, independently of FTase or
other cellular proteins, we assessed
the tubulin deacetylase function of
HDACS6 in vitro by co-incubating
purified MAP-enriched bovine
brain tubulin with either purified
His-HDAC6 protein or HDAC6
cellular immunoprecipitates in the
presence of different classes of FTTs.
The levels of tubulin acetylation,
assessed by immunoblotting, were
used as a read-out for HDAC6
activity (Fig. 4D). As expected, FLAG-HDAC6 immunopre-
cipitates caused a complete deacetylation of bovine brain
tubulin (lane 3), which is normally heavily acetylated (lane
1). The catalytically inactive H216A/H611A mutant HDAC6
(Mut) was used as a negative control (lane 2). Pharmacologic
inhibition of HDACG6 by the addition of TSA restored acetyl-
tubulin levels, as expected (lane 4). The FTIs also increased
tubulin acetylation (lanes 5-7), indicating that FTIs can
inhibit HDAC6 tubulin deacetylase activity. Similarly, the addition
of the affinity-purified His-HDAC6 protein resulted in complete
tubulin deacetylation, which was readily reversed by TSA (lanes 8
and 9). However, the addition of FTIs had no effect on the activity
of His-HDACS6 in this cell-free system (lanes 10-12), where
HDACS6, tubulin, and FTIs were the only components pres-
ent in the reaction. This last result demonstrates that FTIs
do not act directly on HDAC6 and further suggests that
FTase and perhaps other proteins present in the FLAG-
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FIGURE 5. Effect of FTase-aKD on HDAC6 activity. A, Western blotting of cell lysates from parental A549, control (puro) and FTase-a (FTaKD) shRNA cell lines.
Inhibition of FTase and GGTase activity is shown by the appearance of a nonfarnesylated (N) band for H-Ras or a nonprenylated (U) band for Rap1, respectively.
Note the appearance of the nonfarnesylated and nonprenylated bands in untreated FTaKD cells, indicating basal level inhibition of protein farnesylation and
geranylgeranylation, as opposed to their appearance in treated-only parental and control cells. B, effect of FTase-aKD on the tubulin deacetylase activity of
HDACS. Note the increase in basal levels of tubulin acetylation concomitant with decrease of FTase-a proteins in several of the FTaKD clones obtained form
pooled shRNAs (clones All) and from single shRNAs (84-1 and 84-2 from shRNA TRCN34584 and 85-6 and 85-9 from shRNA TRCN34585) compared with the
A549 parental or puro control cells. C, knockdown of FTase-a in cells results in slower cell growth evaluated by sulforhodamine B staining and OD measurement
at 564 nm. D, increased sensitivity of A549-FTaKD cells to Taxol, FTI, and their combination. Cells were treated with different concentrations of LNF, Taxol, or
their combination for 72 h. Cell cytotoxicity was then evaluated by sulforhodamine B staining, and cell survival was determined as the percentage of cells
remaining after treatment. Student'’s t test was performed, and results are labeled as p < 0.05 (*) and p < 0.005 (*¥).

HDAC6 immunocomplex are involved in the FTI-mediated
inhibition of HDACS6 activity.

Knockdown of the o Subunit of FTase Results in Inhibition of
HDAC6 Activity and Sensitizes Cells to Taxol—To further
assess the role of FTase in the regulation of HDACG6 activity, we
stably knocked down the tubulin-interacting a subunit of
FTase in A549 cells (FTaKD). Quantitative reverse transcrip-
tion-PCR studies confirmed a successful knockdown of
FTase-a with only 20% of mRNA remaining when compared
with parental or control shRNA A549 cells (Fig. S24). Western
blot analysis of cell lysates prepared from several clones derived
from two single FTase-a sShRNA target sequences (namely 84-1
and 84-2 for shRNA TRCN34584 and 85-6 and 85-9 for shRNA
TRCN34585) and from a pool of five different FTase-a shRNAs
(clones All-1 to -6) all show efficient decrease of FTase-« pro-
teins (Fig. 5, A and B). We also observed reduced protein levels
of the FTase-B subunit, in concordance with earlier studies
showing that the o and B subunits of FTase are co-translation-
ally associated and that expression of one subunit without the
other destabilizes this subunit (29, 30). Inhibition of basal FTase
activity in the FTaKD cells was detected by the appearance of
the more slowly migrating unfarnesylated form of H-Ras,
which, in the shRNA control cells (A549-puro), was apparent
only after FTI treatment. Note that FTaKD cells remained sen-
sitive to FTI treatment, as observed with further H-Ras inhibi-
tion, which can be explained in part due to the remaining 20% of
FTase-a proteins.
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The effect of FTase-a knockdown on HDAC6 activity was
then analyzed by looking at the acetylation status of the HDAC6
substrate tubulin. We observed a robust increase in the basal
acetyl-tubulin levels in the A549-FTaKD cells, mimicking or
even exceeding the FTI-induced increase in tubulin acetylation
previously seen with A549 cells (Fig. S1). To ensure that this
result is not clonal but truly reflective of FTase biology, we
tested several stable FTaKD clones and found that all of them
had increased acetyl-tubulin levels as compared with the A549-
puro control cells (C1) (Fig. 5B). Thus, the FTaKD in A549 cells
appears to phenocopy the effects of FTI treatment regarding
the regulation of HDAC6 activity.

Given the synergistic interaction between FTIs and taxanes
reported previously, we set out to investigate whether FT«a
knockdown would translate into enhanced cell sensitivity to
taxane treatment. Therefore, we determined the sensitivity of
parental and FTaKD cells to treatment with Taxol, LNF, or
their combination in a 72-h cytotoxicity assay. Interestingly, the
FTaKD cells were more sensitive to the effects of Taxol alone,
LNF treatment alone, and even more so to the FT1/Taxol com-
bination, as compared with A549 parental and A549-puro cells
(Fig. 5D). The profound cell sensitization is even more striking,
considering that the FTaKD cells have a slower doubling time
compared with A549 and A549-puro cells (Fig. 5C), a condition
that should render the cells resistant to Taxol, known to target
preferentially actively dividing cells. Altogether, the results
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obtained with the FTaKD cells confirm that FTase is an
upstream regulator of HDAC6 activity.

DISCUSSION

Originally described as a histone deacetylase (24), HDAC6
was later found to deacetylate several non-histone cytoplasmic
substrates, such as tubulin, hsp90, cortactin, 3-catenin, and the
peroxiredoxins I and II (9-11, 13-16). Deacetylation of hsp90
was further shown to play a role in the folding of the glucocor-
ticoid receptor and HIF-1a (hypoxia-inducible factor 1), both
of which represent additional indirect targets of HDAC6 (13,
31-33). Interestingly, HDAC6 knock-out mice are viable
without any apparent developmental defects (34); however,
HDAC6-null mice are more resistant to transformation and
tumor growth than control mice, suggesting a role for HDAC6
in tumor development (21). Taken together, these results make
HDACS6 a prime target for cancer chemotherapy. However,
despite the wealth of new emerging data on cellular targets and
pathways regulated by HDACS, very little is known about the
upstream factors that modulate HDACG6 activity per se (19, 20).

In this study, we identify one such upstream regulator,
namely the protein farnesyltransferase. We show that HDAC6
is in a protein complex with tubulin and FTase in vitro and in
cells (Figs. 1 and 2). We also show that treatment with an FTI,
an anticancer agent in clinical development, physically removes
FTase from the tripartite protein complex and inhibits HDAC6
activity (Fig. 4). Additional support for a functional relationship
between HDAC6 and FTase came from a COMPARE analysis
that we performed using the NCI panel of 60 cancer cell lines
(35), which showed that FTase expression was inversely corre-
lated with acetylated-tubulin protein levels (Fig. S3). Further-
more, stable cellular knockdown of FTase-a resulted in a robust
increase in basal levels of tubulin acetylation (Fig. 5B), pheno-
copying the pharmacological inhibition of FTase, as we have
previously shown (7, 8) (Fig. S1). In addition to tubulin, the
FTaKD cells exhibited impaired HDAC6-mediated HIF-1 «
protein degradation (Fig. S2C), further supporting the compro-
mised activity of HDAC6 in the cellular context of FTase
knockdown. Altogether, these results emphasize the impor-
tance of FTase in the regulation of HDACG6 activity.

Intriguingly, since HDAC6 does not possess a CAAX far-
nesylation motif, it does not belong to the family of “classic”
FTase target proteins. Our own results showing that the in vitro
tubulin deacetylation activity of HDAC6 immunoprecipitates,
but not of purified His-HDACS6 protein, is inhibited upon FTI
treatment (Fig. 4D) further suggest that HDACS is not a direct
substrate of FTase but that additional proteins, potentially far-
nesylated, are present in the immunocomplex and could medi-
ate the FTase-dependent regulation of HDAC6. Conversely, we
have no evidence for a feedback regulation of FTase by HDAC6,
since neither the catalytic mutant HDAC6 nor its pharmaco-
logical inhibitor TSA disrupted the FTase-HDAC6-tubulin
complex or affected protein farnesylation (Fig. 44).

Our data clearly show that FTase regulates HDAC6 through
direct binding to C terminus of microtubule polymers, a known
MAP-binding site (Figs. 2 and 3). MAPs, through their micro-
tubule binding, regulate endogenous microtubule dynamics
and affect the stability of the polymer. Our results showing that
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FTase competes with MAPs for microtubule binding together
with the fact that neither tubulin nor MAPs possesses a farne-
sylation motif suggest a role for FTase in the regulation of
microtubule dynamics. Such a role for FTase would be compat-
ible with our previous data showing that the FTI lonafarnib
suppresses microtubule dynamics in cells (7), whereas lona-
farnib alone, in vitro, does not bind tubulin; nor does it affect
microtubule polymer mass (36). In addition, our data showing
that the active form of the enzyme (both FTase-a and -8 sub-
units) binds tubulin lend further support to the role of FTase in
the regulation of HDAC6 and the chemomechanics of the
microtubule cytoskeleton.

In that light, one would expect that either pharmacologic
inhibition or knockdown of FTase would have an impact on the
activity of drugs that target microtubules. We and others have
extensively demonstrated the synergistic interaction of FTIs
with the microtubule-stabilizing taxanes both in cells and in
vivo. Our data herein also show that FT oKD sensitizes cancer
cells to the antiproliferative effects of Taxol (Fig. 5C), further
implicating FTase expression and the downstream inhibition of
HDACS6 activity in taxane sensitivity. These results raise the
exciting possibility of enhanced synergy between an HDAC6
inhibitor and the already synergistic FTI/taxane combination.
Finally, examination of the integrity of the FTase-HDAC6 axis
in clinical samples could help stratify patients more likely to
respond to taxanes alone or combined with an FTL.

Collectively, our results identify a novel signaling pathway in
which HDACE6 is a downstream target of FTase with microtu-
bules providing the dynamic scaffold for their interaction.
Given the widespread use of microtubule inhibitors in clinical
oncology and the clinical development of both FTase and
HDACS inhibitors, our results have important clinical implica-
tions and should assist in the rational development of better
anticancer therapies.
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