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Abstract

Activating point mutations in K-RAS are extremely common in cancers of the lung, colon, and
pancreas and are highly predictive of poor therapeutic response. One potential strategy for
overcoming the deleterious effects of mutant K-RAS is to alter its post-translational modification.
While therapies targeting farnesylation have been explored, and ultimately failed, the therapeutic
potential of targeting other modifications remains to be seen. We recently demonstrated that
acetylation of lysine 104 attenuates K-RAS transforming activity by interfering with GEF-induced
nucleotide exchange. Here, we have identified HDACG6 and SIRT2 as deacetylases that regulate
the acetylation state of K-RAS in cancer cells. By extension, inhibition of either of these enzymes
dramatically affects the growth properties of cancer cell lines expressing mutationally activated K-
RAS. These results suggest that therapeutic targeting of HDACG6 and/or SIRT2 may represent a
new way to treat cancers expressing mutant forms of K-RAS.

Introduction

KRAS is the most commonly mutated oncogene in cancer, with a particularly high
prevalence in cancers with high mortality (1). K-RAS protein functions as a monomeric
GTPase and can be locked into its GTP-bound activated state by missense point mutation,
most commonly at amino acids 12, 13, 61, or 146 (2). Like all members of the RAS
superfamily, K-RAS protein function is tightly regulated by post-translational modification.
Both splice forms of K-RAS (K-RAS4A and K-RAS4B) are farnesylated on a C-terminal
cysteine and K-RAS4A is subsequently palmitoylated (3). These lipidation events regulate
K-RAS function by promoting its association with the plasma membrane, which is required
for its interaction with downstream effectors. Other post-translational modifications regulate
K-RAS activity more directly. For example, mono-ubiquitination of lysine 147 potentiates
GTP binding by K-RAS and, therefore, ubiquitinated K-RAS exhibits enhances binding to
RAF and PI3K (4). Recently, we found that K-RAS is acetylated on lysine 104 and that
acetylated K-RAS is resistant to guanine nucleotide exchange factor (GEF)-mediated
nucleotide exchange (5). Mutant K-RAS that is acetylated cannot re-load GTP in an efficient
manner to maintain a fully activated state, resulting in attenuated transforming activity (5).
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Because acetylation regulates the oncogenic activity of K-RAS, modulation of K-RAS
acetylation could constitute a therapeutic strategy for cancers expressing mutationally
activated forms of the protein. Protein deacetylation at lysine residues is mediated by highly
conserved enzymes including the class /11 histone deacetylases (HDAC1-10) and the class
I11 sirtuin deacetylase family (SIRT1-7). Members of both deacetylase families are found in
multiple compartments of the cell and can have both histone and non-histone substrates (6).
Sirtuins are distinct from HDACS in that they have an absolute requirement for the co-
substrate NAD in their deacetylation reaction, linking Sirtuin catalytic activity with the
metabolic status of the cell (7). Here, we have identified HDACG6 and SIRT2 as two
enzymes that regulate the acetylation state of K-RAS and we have demonstrated that
inhibition of these enzymes affects transformation of cells expressing mutationally activated
K-RAS.

Materials and Methods

Cell lines, drug treatments, and immunoprecipitations

SW480, 293T, NIH3t3, H2009, and H460 cells were obtained from ATCC. DLD-1 and
DKs-8 cells were obtained from the laboratory of Dr. Robert Coffey (Vanderbilt
University). NIH3T3 cells stably over-expressing mutant forms of K-RAS were described
previously (5). Immunoprecipitations for acetylated RAS and interactions between RAS and
Sirtuins or HDACs were performed as described previously (5, 8). Western blots were
detected with ECL Plus (Pierce) on film. Bands were quantified using ImageJ. In cases
where RAS acetylation assays were done after pretreatment with a deacetylase inhibitor —
Trichostatin A (TSA, 1 uM), Tubastatin A (TubA, 10 uM), Nicotinamide (NAM, 1.65 mM)
— cells were pre-treated for 1 hour.

Short-term knockdown was achieved by treating cells with Dharmacon SMARTpool
SiRNAs targeting KRAS, HDAC1, HDACS6, SIRT1, or SIRTZ2. Long-term knockdown was
achieved by infecting cells with pSICOR lentivirus (9) carrying ShRNAs targeting KRAS,
HDACE, or SIRTZ. All knockdowns were confirmed by western blotting (Supplemental Fig.
1). Cells were maintained in DMEM supplemented with 10% fetal bovine serum (FBS).

Transformation assays

Short-term viability assays were performed by growing cells in 96-well plates in the
presence or absence of sSiRNA. Viability was quantified after 72 hours by staining with
Syto60 (Invitrogen). Plates were scanned and analyzed on a LiCor Odyssey Infrared
Imaging System. For growth curves, cells were plated at 1 x 10°/well in 6 well dishes in
media containing 10% FBS and cells were counted after 1, 2, 3, 4, and 5 days using a
hemocytometer. For colony forming assays, 200 cells were plated into each well of a 6-well
dish in media containing 2% FBS. After two weeks, colonies were stained with 0.2% crystal
violet and analyzed using IMAGE J software. All experiments were performed twice, each
time with technical triplicates. Statistical analyses were performed using the Mstat computer
program.

RESULTS AND DISCUSSION

To gain insight into the enzymes that regulate RAS acetylation, we treated SW480
colorectal cancer (CRC) cells with trichostatin A (TSA), an inhibitor of class I/11
deacetylases (DACs). We found that TSA treatment increased the levels of acetylated RAS
(Fig. 1A), suggesting that RAS acetylation is regulated by at least one member of the class I/
Il family. To identify the family member that regulates RAS acetylation, we took a
candidate approach and looked for DACs that co-immunoprecipitated with RAS. We found
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that HDACS (Fig. 1B), but not HDAC1 (Fig. S2A), co-immunoprecipitated with
endogenous RAS in two different CRC cell lines. Consistent with the notion that HDAC6
regulates RAS acetylation, cells treated with siRNA for HDACS6 or with Tubastatin A
(TubA), an HDACS6-specific inhibitor, exhibited significantly elevated levels of acetylated
RAS (Fig. 1C). These observations suggest that RAS acetylation is controlled, at least in
part, by HDACSG.

Although HDACG6 was first identified as a tubulin deacetylase (10-12), it has many other
cytoplasmic substrates and interacting proteins, including cortactin, HSP90, survivin,
GSK3B, and PKCa (13). Ours is the first study to link HDAC6 to RAS acetylation,
however. HDACG6 performs both deacetylase-dependent and deacetylase-independent
functions and not all of its interacting partners are substrates. For example, HDACS6 is a
substrate for PKC, which regulates its ability to deacetylate -catenin, but HDACS is not
known to deacetylate PKCa (14). In the case of RAS, knockdown or inhibition of HDAC6
does affect is acetylation state, suggesting that RAS may be a direct substrate.

We have previously demonstrated that acetylation of K104 negatively affects K-RAS-
induced transformation (5). If HDACS6 controls RAS acetylation, we expected that
knockdown would affect the growth of cells expressing mutant forms of K-RAS. To test this
hypothesis, we measured the viability of K-RAS mutant CRC cells after acute knockdown
of HDACS. Similar to knockdown of KRAS itself, HDAC6 knockdown reduced the
viability of CRC cells in a short-term growth assay (Fig. 1D). In longer-term colony forming
and proliferation assays, chronic knockdown of KRASand HDAC6 also had significant
deleterious effects (Fig. 1E,F and Fig. S2B). Altogether, these data are consistent with the
hypothesis that HDAC6 modulates the oncogenic function of mutant K-RAS by regulating
its acetylation state.

Other studies have linked HDACS6 to cancer. HDAC6 is an estrogen-responsive gene and its
over-expression in breast cancer may play an important role in malignant progression (15).
A more direct role for HDACS in cancer was revealed when HDAC6 null mouse embryonic
fibroblasts (MEFs) were found to be resistant to H-RAS-induced transformation and that
HDACS6 null animals were resistant to DMBA-induced skin carcinogenesis, which also
involves mutation of H-RAS (16). In these studies, loss of HDAC6 was associated with
attenuated activation of PI3K and MAPK signaling downstream of mutant H-RAS,
suggesting that loss of HDAC6 might function at the level of RAS itself (16). This previous
study did not, however, make a direct connection between HDAC6 and RAS acetylation.
And while our study focused on mutationally activated K-RAS, which is more commonly
mutated in human cancers than is H-RAS, lysine 104 is conserved in all RAS isoforms (5).
Altogether, these results suggest that the oncogenic properties of all RAS family members
might be regulated by HDACS.

While we initially demonstrated that TSA increased RAS acetylation, we noted that
nicotinamide (NAM), a class 111 DAC inhibitor, had a similar effect in SW480 cells (Fig.
1A). To identify the class 111 deacetylase that regulates RAS acetylation, we looked for
interaction between K-RAS and members of the Sirtuin protein family. We found that K-
RAS interacted with SIRT2 and, to a lesser extent, SIRT3 (Fig. 2A and Fig. S3A).
Interestingly, K-RAS was not able to interact with a catalytically dead form of SIRT2 (Fig.
S3B). Similar to knockdown or inhibition of HDACS, and consistent with the effect of
NAM, knockdown of SIRT2 increased the levels of acetylated RAS in CRC cells (Fig. 2B).
These data suggest that HDAC6 and SIRT2 both regulate RAS acetylation state. By
extension, we expected S/R72knockdown to have a similar effect as HDAC6 knockdown in
cells expressing mutant forms of K-RAS. Indeed, K-RAS mutant CRC cells were sensitive
to SIRT2 knockdown in both short-term and long-term assays of transformation (Fig. 2C-E
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and Fig. S3C). We also found that some K-RAS mutant non-small cell lung cancer
(NSCLC) cells were sensitive to loss of SIRT2 (Fig. S3D). Altogether, these data are
consistent with the hypothesis that HDAC6 and SIRTZ2, either independently or
cooperatively, modulate K-RAS acetylation and, therefore, its oncogenic properties.

Among all of the Sirtuin family members, the interaction between K-RAS and SIRT2 makes
the most sense, since SIRT2 is the only family member thought to be predominantly
cytoplasmic (7). SIRT2, like HDACS, is a tubulin deacetylase and these two enzymes are
thought to be essential coenzymes (17, 18). Interestingly, SIRT2 was previously reported to
act as a tumor suppressor gene in the mouse pancreas (19). Other studies link SIRT2 to the
stabilization of the Myc oncoproteins by regulation of NEDDA4, an E3 ubiquitin ligase (20).
Our data are consistent with a direct oncogenic function for SIRT2, just like its coenzyme
HDACS. Since acetylation negatively regulates K-RAS, and SIRT2 and HDAC6 promote
de-acetylation, these enzymes positively regulate K-RAS activity.

A major question that arises from our data is whether the anti-tumorigenic effects of
HDACG/SIRT?2 are directly related to K-RAS acetylation. To address this question, we
utilized NIH3t3 cells that were transformed with activated (G12V) K-RAS. We previously
demonstrated that an acetylation mimetic mutation in K-RAS (G12V/K104Q) suppressed
transformation in NIH3t3 cells, but that a mutation that prevents acetylation (G12V/K104A)
had no effect (5). Here, we found that S/R72or HDAC6 knockdown reduced viability in
NIH3t3 cells expressing K-RASC12V but not in cells expressing K-RASCG12V/KO104A (gig.
3A). We also found that knockdown of S/R71, another Sirtuin that plays a role in cancer, or
HDACI affected viability in cells expressing either K-RASCG12V or K-RASC12V/KO104A (Fig,
3A). These observations suggest that the deleterious effects of S/IR72or HDAC6
knockdown, but not S/RT1 or HDACI, are directly linked to K-RAS acetylation.

A second question is whether the effects of HDACG6/SIRT2 knockdown are specific to cells
expressing mutant K-RAS. To address this question, we utilized an isogenic derivative of
DLD-1 cells in which the mutant allele of K-RAS (G13D) has been removed via
homologous recombination (21). When we performed S/R72knockdown in the K-RAS
wild-type derivative (DKs-8), the effect on the colony forming phenotype was much less
pronounced than in the parental DLD-1 cells (Fig. 3B). In a proliferation assay, SIR72
knockdown had no detectable effect in DKs-8 cells, but essentially converted the growth
rate of mutant cells to that of wild-type (Fig. 3C). Altogether, our results indicate that the
deleterious effects of SIRT2 loss are specific to cells in which K-RAS is activated and can
be acetylated.

KRAS activating mutations occur in approximately 40% of colon cancers, 90% of
pancreatic cancers, and 30% of lung cancers, 3 of the 4 most deadly forms of cancer.
Clearly, there is great need to develop new therapies to treat cancers expressing mutant K-
RAS. Our observations suggest that targeting the post-translational modification of K-RAS
protein, specifically its acetylation, may constitute a new therapeutic strategy. Strategies
targeting other post-translational modifications of K-RAS have been largely ineffective in
the past. For example, because K-RAS is modified by farnesyltransferase to promote its
association with the plasma membrane, it was thought that inhibition of farnesyltransferase
should prevent K-RAS from localizing to the cellular compartment from which it transmits
its oncogenic signal (22). Farnesyltransferase inhibitors (FTIs) ultimately failed in the clinic,
however, because of gastrointestinal toxicity and because K-RAS is efficiently prenylated
by geranylgeranyltransferase in the absence of farnesyltransferase activity (23). The
identification of the enzymes that regulate K-RAS acetylation constitutes the first step
toward a new therapeutic strategy targeting the post-translation modification of K-RAS.
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Figure 1.

HDACS regulates K-RAS acetylation and oncogenicity. A, Effect of TSA and NAM
treatment on RAS acetylation. Treatment of SW480 CRC cells with TSA (1 pM) or NAM
(1.65 mM) for 1 hour led to an increase in acetylated RAS. Acetylated a-Tubulin was used
as a control. Unlike TSA, NAM treatment did not affect the acetylation of a-Tubulin. B,
HDACES interacts with RAS. HDACG6 could be detected by western blot after
immunoprecipitation of endogenous RAS in DLD-1 or SW480 CRC cells. Knockdown of
HDACE6 prevented the co-immunoprecipitation. C, Effect of HDACS inhibition on RAS
acetylation. Inhibition of HDACG via siRNA-mediated knockdown or treatment with TubA
(10 uM) led to a significant increase in acetylated RAS. D, Effect of HDAC6 knockdown on
viability. Acute knockdown of HDACE6 significantly reduced viability of CRC cells in a
short-term (3 days) assay. Knockdown of KRASwas used as a positive control. Data were
normalized to cells treated with a non-targeted pool (NTP) siRNA. E, Effect of HDAC6
knockdown on clonogenic survival. Chronic HDAC6 knockdown, like KRAS knockdown,
significantly affected colony formation in CRC cells. Cells infected with empty shRNA
vector were used as a negative control. Data were normalized to cells infected with empty
shRNA vector. F, Effect of HDAC6 knockdown on proliferation. The proliferation of CRC
cells with stable HDAC6 or KRAS knockdown was reduced compared to cells infected with
empty vector.
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Figure2.

SIRT2 regulates K-RAS acetylation and oncogenicity. A, SIRT2 interacts with K-RAS.
Ectopic K-RAS could be detected by western blot after immunoprecipitation of ectopic
SIRT2 with anti-FLAG antibody in 293T cells. Ectopic SIRT3 could also interact with K-
RAS, although to a lesser extent. In this experiment, 293T cells were transiently transfected
with CMV-FLAG vector individually expressing one of the seven Sirtuins (T1-T7), or else
empty FLAG vector (V). All of the cells were also transfected with plasmid expressing HA-
tagged K-RASC12V, B Effect of S/RT2knockdown on RAS acetylation. Acute knockdown
of SIRTZled to a significant increase in acetylated RAS. C, Effect of S/R72knockdown on
viability. Acute knockdown of S/RT72significantly reduced viability of CRC cells in a short-
term (3 days) assay. Knockdown of KRASwas used as a positive control. Data were
normalized to cells treated with a non-targeted pool (NTP) siRNA. D, Effect of SIRT2
knockdown on clonogenic survival. Chronic S/RT2knockdown, like KRAS knockdown,
significantly affected colony formation in CRC cells. Cells infected with empty shRNA
vector were used as a negative control. Data were normalized to cells infected with empty
shRNA vector. E, Effect of S/R72knockdown on proliferation. The proliferation of CRC
cells with stable S/RT2or KRAS knockdown was reduced compared to cells infected with
empty vector.
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Specificity of knockdown for deacetylates. A, Effect of S/IR72or HDAC6E knockdown on
viability. Acute knockdown of SIRT2or HDACE6 significantly reduced viability of NIH3t3
cells expressing mutationally activated K-RAS (G12V), but only when amino acid 104
could be acetylated. Cells expressing K-RASC12V/K104A did not respond to knockdown of
SIRT2 or HDAC6. Knockdown of KRASwas used as a positive control, as it reduces
viability regardless of which amino acid is present at position 104. Knockdown of S/R71 or
HDAC1 also reduced viability under all circumstances, indicated that the deleterious effects
of knockdown were not specific. All data were normalized to cells treated with a non-
targeted pool (NTP) siRNA. B, Effect of S/R72knockdown on clonogenic survival. Chronic
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SIRT2knockdown had a greater effect on colony formation in cells expressing mutant K-
RAS (DLD-1) than in isogenic cells expressing wild-type K-RAS (DKs-8). Cells infected
with empty shRNA vector were used as a negative control. Note that the K-RAS knockout
in DKs-8 cells, like S/RT2knockdown in DLD-1 cells, had a major effect on colony
formation. C, Effect of S/RT72knockdown on proliferation. The proliferation of K-RAS
mutant DLD-1 cells was reduced by stable S/R72knockdown, but the proliferation of K-
RAS wild-type DKs-8 cells was not. The proliferation rate of DLD-1 cells lacking SIRT2
was identical to that of DKs-8 cells (note that the curves are overlapping).
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