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Hypermethylation-mediated tumor suppressor gene silencing plays a crucial role in tumorigenesis. Under-
standing its underlying mechanism is essential for cancer treatment. Previous studies on human N-o-acetyl-
transferase 10, NatA catalytic subunit (hNaal0p; also known as human arrest-defective 1 [hARD1]), have gen-
erated conflicting results with regard to its role in tumorigenesis. Here we provide multiple lines of evidence
indicating that it is oncogenic. We have shown that hNaa10p overexpression correlated with poor survival of
human lung cancer patients. In vitro, enforced expression of hNaal0p was sufficient to cause cellular trans-
formation, and siRNA-mediated depletion of hNaa10p impaired cancer cell proliferation in colony assays and
xenograft studies. The oncogenic potential of hNaal0p depended on its interaction with DNA methyltrans-
ferase 1 (DNMT1). Mechanistically, hNaal0p positively regulated DNMT1 enzymatic activity by facilitating
its binding to DNA in vitro and its recruitment to promoters of tumor suppressor genes, such as E-cadherin,
in vivo. Consistent with this, interaction between hNaa1l0p and DNMT1 was required for E-cadherin silenc-
ing through promoter CpG methylation, and E-cadherin repression contributed to the oncogenic effects of
hNaal0p. Together, our data not only establish hNaa10p as an oncoprotein, but also reveal that it contributes
to oncogenesis through modulation of DNMT1 function.

Introduction

Aberrant DNA methylation is one of the major characteristics of
cancer development. Many cancer cells have been observed with
higher DNA methyltransferase (DNMT) activity (1-4), which is
believed to contribute to the CpG island hypermethylation of tumor
suppressor genes (5). DNA methyltransferase 1 (DNMT1), the major
DNMT in adult cells, catalyzes DNA methylation by transferring
the methyl group from the donor S-adenosyl methionine (AdoSAM)
to the fifth carbon of cytosine (6, 7). How its activity is regulated in
cancer cells is an importantissue. It has been shown that the methyl-
transferase activity of DNMT1 can be modulated in several different
ways, including (a) regulation of DNMT1 gene expression by Ras
(8), Rb (9), and AUF1 (10); (b) regulation of DNMT1 protein stabil-
ity by DNMT1 methylation and demethylation mediated by SET7
(11) and LSD1 (11, 12), respectively; and (c) protein-protein interac-
tion with G9a (13), EZH2 (14), and PML-RAR (15).

The highly conserved arrest-defective 1 (ARD1) protein fam-
ily, recently named N-o-acetyltransferase 10, NatA catalytic subunit
(NaalOp, encoded by NAAI0; ref. 16), was originally described as an
N-a-acetylase for the first amino acid of specific subsets of nascent
polypeptides (17, 18). The yeast NaalOp has previously been shown
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to control mating type switch (19), protein stability (20), gene silenc-
ing (21, 22) and cell cycle progression (19). Mouse NaalOp-mediated
(mNaalOp-mediated) acetylation at the oxygen-dependent degrada-
tion domain (ODD) of HIF1a promotes HIF1o. degradation (23). This
property inversely links NaalOp to cancer, as HIF1a upregulation is
essential for vascular angiogenesis required for cell invasion (23, 24).
However, the role of human NaalOp-mediated (hNaalOp-mediated)
HIF1a regulation in cancer has been controversial (25-27). hNaalOp
is also reported to prevent tumor cell migration and cell invasion by
acetylating and inactivating the myosin light chain kinase required
in cell motility (28) and to repress tumorigenesis by decreasing cell
proliferation and inducing autophagy (29). In contrast to the tumor
suppressor function, hNaalOp has been shown to possess a role in
cell proliferation (27, 30), anti-G, arrest (30), and apoptosis (31, 32)
and to promote the function of the oncoprotein f-catenin (30). The
oncogenic potential of hNaal0p is further supported by its increased
protein level in tumor tissues (33-35). How hNaalOp contributes to
tumorigenesis is unclear (36, 37). In the current study, we identified
that hNaalOp acts as an oncoprotein that represses the expression of
tumor suppressor genes by facilitating DNMT1 function.

Results
To determine whether hNaalOp functions as an oncoprotein or a
tumor suppressor, we first analyzed its mRNA and protein levels
in human lung cancer tissues by quantitative real-time RT-PCR
and immunohistochemistry (IHC), respectively. Consistent with
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hNaa10p overexpression in human lung cancer tissues. (A) Relative mRNA level of h(NAA70 in lung cancerous specimens or surrounding non-
neoplastic stroma tissues after normalization to actin. Data are mean + SD from 3 independent assays. (B) IHC detection of hNaa10p protein
in normal and cancerous human lung tissues. Shown are 1 example of normal adjacent tissue and 3 examples of tumor sections. Original
magpnification, x100 (left panels); x200 (right panels). (C) IHC analysis of 90 lung adenocarcinoma patients indicated that 48 patients with high
hNaa10p protein level in tumor tissues showed poor survival compared with 42 patients with hNaa10p expression below the detection limit,

as in normal adjacent tissues. P = 0.0089.

previous reports (33, 34), cancerous specimens had increased
levels of hNaalOp protein and mRNA compared with their sur-
rounding non-neoplastic stroma tissues (Figure 1, A and B). In
23 sample pairs, 4 (17%) had equal hNAA10 mRNA levels, 6 (26%)
showed decreased levels of hNAA10 mRNA in cancer tissues, and
13 (57%) exhibited higher levels of hNAAI0 mRNA in cancer tis-
sues (Figure 1A). Importantly, the 48 lung cancer patients found
to have higher levels of hNaalOp had poor prognosis and/or sut-
vival compared with the 42 patients with hNaalOp expression lev-
els that were below the detection limit, as in normal adjacent tis-
sues (P = 0.0089; Figure 1C). These results indicate that hNaalOp
was overexpressed in more than half of human lung cancer tissues
examined, and the survival analysis further suggests hNaalOp
may play a role in lung cancer progression.

In agreement with this correlative study, enforced expression of
hNaalOp in NIH3T3 cells increased its colony formation capac-
ity (Figure 2A), which indicates that hNaalOp promotes anchor-
age-independent growth, a characteristic of cell transformation.
Next, we sought to determine whether hNaalOp is necessary for
the proliferation of lung cancer cells. We introduced 2 indepen-
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dent siRNAs against hNAAIO (referred to herein as hNAA10-1
and hNAA10-2) to H1299 lung cancer cells, which express high
levels of hNaalOp, and analyzed the effect of hNaalOp knock-
down on cell proliferation ability. Figure 2B shows the efficient
depletion of the endogenous hNaalOp by these 2 siRNAs, but
not by scrambled siRNA (si-scramble) or siRNA against HTLV
Tax protein (si-Tax; ref. 38). Consistent with previous reports
(27, 30), knockdown of hNaal0p reduced lung tumor cell pro-
liferation (Figure 2C). Furthermore, hNaalOp loss of func-
tion, achieved by transient introduction of siRNAs into cells
(Figure 2D), or stable depletion of hNaalOp by lentivirus infec-
tion of shRNAs (Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI42275DS1),
greatly reduced the colony formation potential. To substantiate
these in vitro observations, we analyzed whether suppression of
hNaalOp impairs the ability of lung cancer cells to form tumors in
mice. H1299 cells with controls (mock and si-scramble) or siRNA
against hNAAIO were subcutaneously injected into NOD-SCID
mice. Knockdown of hNaalOp greatly impaired the tumorigen-
esis potential of the human lung cancer cells in mice (Figure 2E).
Volume 120 Number 8

August 2010 2921



research article

A B c
- 90 r —e— Mock
. cﬁ‘ - o g 80 + B si-Tax
:2 C o T % S ) = 70 | =¥ si-hNAAT0-1
L 5 —
5 30 F 5 5 8 % g £560
o =] i L < < 5 % 50
£ 25 | = 7] 7] w 7] E'-C
2 90 | g . s * hNaa10p g 5 40
g o]
515 | S S e e o Tubuin > S 30
S0t 1 2 3 4 5 s
5 L 10
0 0 '
V5 hNaa10p-V5
D E
5,000
200 i Mock
180 | — 4,000 | Srscramble
160 £ si-hNAAT0-1
@ 140 £
o o 3,000 [
£ 120 g~
= 3
< 100 S —&— Mock
g 80 2 2000 F ..5... siscramble
2 &0 g —&— si-hNAA10-1
° 40 E 1,000 | —%— si-hNAA10-2
20 |
0 i L 1 ] 0
Mock  si-scramble si-hNAA70-1 si-hNAA10-2 B 14 21 28 35 42 49
Day
Figure 2

hNaa10p contributes to clonogenesis and xenograft tumor formation in lung cancer cells. (A) hNaa10p overexpression enhances the colony
formation ability of NIH3T3 cells on soft agar. hNaa10p-V5, hNaa10p with C-terminal V5 tag (containing 14 amino acids, GKPIPNPLLGLDST,
derived from the P and V proteins of the paramyxovirus of simian virus 5). Representative microscopic images of the colonies are shown. Scale
bars: 100 um. (B) Western blots showing successful knockdown of hNaa10p protein level by si-hNAA70-1 and si-hNAA710-2. si-scramble and
si-Tax were used as negative controls. (C) Lung cancer H1299 cells transfected with si-hNAA70-1 exhibited poor proliferation rate compared
with cells mock transfected or transfected with si-Tax. (D) Transfection with si-hNAA70-1 or si-hNAA10-2 impaired the ability of H1299 cells to
form colonies on soft agar, compared with cells mock transfected or transfected with si-scramble. Photographs of representative soft agar plates
are shown. (E) H1299 cells transfected with si-hNAA70-1 or si-hNAA70-2 generated smaller tumors in NOD-SCID mice than did cells mock
transfected or transfected with si-scramble. The volume of the derived tumors was measured at the indicated days after injection. Representative
tumor masses are shown. A total of 5-6 mice was analyzed in each group. Data in A, C, D, and E are mean + SD from 3 independent assays.

The levels of hNaalOp in the excised tumor masses at the end
point are shown in Supplemental Figure 2. Collectively, our in
vitro and in vivo observations support that hNaalOp functions
as an oncoprotein.

To understand the mechanism by which hNaalOp contrib-
utes to oncogenesis, we attempted to identify hNaalOp func-
tional partners. A yeast 2-hybrid screen using hNaalOp as bait
identified DNMT1 as an hNaalOp-interacting protein (data
not shown). The interaction of the 2 proteins was verified in
H1299 cells by co-IP assay (Figure 3A and Supplemental Fig-
ure 3). Interestingly, the hNaalOp Ab specifically precipitated
DNMT1, but not DNMT3a or DNMT3b (Figure 3A). Deletion
studies identified aa 291-570 of DNMT1 as being important for
hNaalOp association (Figure 3B). Consistently, only the puri-
fied GST-fused DNMT1 containing aa 291-570 precipitated
the in vitro translated hNaalOp (Figure 3C) and His-Xpress-
tagged hNaalOp expressed in and purified from E. coli (Figure
3D), which indicates that the domain alone is sufficient to bind
to hNaalOp and the interaction of hNaalOp and DNMTT1 is
direct. Conversely, a 21-aa fragment of hNaalOp (aa 102-122)
2922

The Journal of Clinical Investigation

heep://www.jci.org

appeared to be necessary and sufficient to mediate hNaalOp
interaction with DNMT1 (Figure 3E). The equal expression of all
GST-DNMTT1 derivatives is shown in Supplemental Figure 4.
After defining the interaction domains of hNaal0p and DNMT1,
we next analyzed whether the oncogenic potential of hNaalOp
depends on its interaction with DNMT]1. To this end, the cDNA
encoding full-length hNaa10p, or hNaal0p lacking DNMT1 inter-
action motif (aa 102-122) or an irrelevant region (aa 182-201), was
introduced back to H1299 cells depleted of hNaalOp by siRNA.
The effect of the deletions on the cell transformation capacity of
hNaalOp was analyzed by colony formation assay. Deletion of
the DNMTT1 interaction motif impaired the ability of hNaalOp
to rescue the colony formation capacity of the hNaalOp-depleted
cells (Figure 4A, lane 5). In contrast, reexpression of the full-length
hNaalOp or a deletion mutant that does not affect its interaction
with DNMT1 (aa 182-201) restored the colony formation capabil-
ity of the hNaalOp-depleted cells (Figure 4A, lanes 3 and 4). The
differential effects of these mutants were not the result of their
differential expression, as they were expressed at similar levels (Fig-
ure 4A, bottom). The DNMT1 interaction domain was important
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Figure 3
hNaa10p associates with DNMT1 both in vivo and in vitro. (A) Co-IP showe
or DNMT3b, from H1299 cell exacts. (B) Co-IP showed that anti-hNaa10p

d that anti-hNaa10p pulled down hNaa10p and DNMT1, but not DNMT3a
pulled down hNaa10p and all DNMT1 fragments (V5-tagged) containing

aa 291-570 exogenously expressed in H1299 cells, as revealed by Western blot using hNaa10p or V5 Ab. The schematic illustration of DNMT1
fragments used here, and the results of interaction, are summarized above. DMAP, DNMT1-associated protein; PCNA, proliferating cell nuclear
antigen; NLS, nuclear localization signal; FTR, replication foci targeting sequence. (C and D) GST pulldown assays showed that the recombinant
GST-fused DNMT1 fragments containing aa 291-570 precipitated hNaa10p-V5 in vitro translated from rabbit reticular lysate (C) or His-Xpress-
hNaa10p expressed in and purified from E. coli (D), as revealed by Western blot using the respective Abs. In D, lanes 2—4 and 5-7 show results
using NP40 and PBS-T, respectively, as incubation/wash buffer. (E) GST-DNMT1 aa 291-570 was used to pull down the in vitro translated V5-

tagged hNaa10p mutant lacking aa 102—122 or aa 182—-201, or GFP-fus
aa 182-201, followed by Western blotting with V5 or GFP Ab. Lanes were

for hNaalOp to mediate not only colony formation, but also cell
proliferation (Figure 4B). Since deleting the DNMT1 interaction
motif (aa 102-122) also eliminated part of the acetyltransferase
domain of hNaalOp (Figure 3E), and hNaalOp stimulated the in
vivo acetylation of DNMT1 (Supplemental Figure 5), we asked
whether hNaalOp-mediated colony formation relies on its acety-
lase activity. As shown in Supplemental Figure 6A, reintroduction
of the siRNA-resistant acetylase-dead mutant hNaalOp R82A (39)
still restored colony formation ability, although not to the same
degree seen by reexpression of WT hNaalOp. The loss of the acet-
ylase activity of hNaalOp R82A was demonstrated by its failure

The Journal of Clinical Investigation  http://www.

ed hNaa10p fragments containing aa 1-21, aa 62-81, aa 102—-122, or
run on the same gel but were noncontiguous (white lines).

in autoacetylation compared with WT hNaalOp (Supplemental
Figure 6B). Importantly, the mutant still associated with DNMT1
(Supplemental Figure 6C). Together, these data suggest that the
oncogenic potential of hNaalOp involves an acetylation-indepen-
dent mechanism and relies on its interaction with DNMT1.
Hypermethylation of promoter CpG dinucleotides and sub-
sequent inactivation of tumor suppressor genes is believed to
contribute to oncogenesis (40-42). Since hNaal0p and DNMT1
interaction is essential for the oncogenic activity of hNaalOp, we
analyzed whether hNaalOp can modulate the enzymatic activity
of DNMT1. To this end, nuclear lysates from H1299 cells with
Volume 120 Number 8 2923
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The oncogenic potential of hNaa10p depends on its binding to DNMT1. (A and B) si-hNAA710-1-treated H1299 cells expressing the resistant
V5-tagged WT or mutant hNaa10p lacking aa 182—201 or aa 102—122 were subjected to soft agar assay and Western blot (A) as well as cell prolif-
eration study (B). Data are mean + SD from 3 independent assays. Lanes in A were run on the same gel but were noncontiguous (white lines).

or without the depletion of hNaalOp by siRNA were collected
for DNA methylation assay and Western analysis. Knockdown of
hNaalOp or DNMT]1 greatly reduced the DNMT activity of the
nuclear extracts toward poly dI-dC (Figure 5A), which indicates
that hNaalOp positively modulates cellular DNMT activity. As
controls, we also included nuclear extracts derived from cells
transfected with si-Tax or cells treated with 5'-AzadC in parallel
assays. Next, we asked whether ectopic expression of hNaalOp
increases DNMT activity, and, if so, whether this is linked to the
capacity of hNaalOp to acetylate DNMT1 in cells (Supplemental
Figure 5). To this end, we expressed WT hNaalOp, hNaalOp
R82A, or DNMT1 in cells, followed by DNMT assay and West-
ern analysis. As expected, overexpression of DNMT]1 greatly
increased DNMT activity (Figure 5B, lane 4). Interestingly, over-
expression of both WT and mutant hNaalOp also increased the
DNMT activity of the lysates (Figure 5B, lanes 2 and 3), which
suggests that the acetylation activity of hNaalOp is not required
for hNaalOp to stimulate the enzymatic activity of DNMT1. To
further confirm that hNaalOp directly stimulates DNMT1 activ-
ity in an acetylation-independent manner, recombinant DNMT1
and hNaalOp were used in a DNMT assay in the absence or pres-
ence of acetyl-CoA. The results demonstrated that the capabil-
ity of hNaalOp to stimulate the enzymatic activity of DNMT1
did not require the presence of acetyl-CoA (Figure 5C, compare
lanes 1 and 3). Addition of acetyl-CoA did not further stimulate
hNaalOp-mediated upregulation of DNMT1 activity (Figure 5C,
compare lanes 3 and 6). Similar results were obtained when
differentially methylated DNAs were used as substrates (Sup-
plemental Figure 7). We noted that although hemimethylated
DNA was a better substrate for purified DNMT1 (Supplemental
Figure 7, compare lanes 1 and 4), hNaalOp increased 7-fold the
capacity of DNMT1 to methylate nonmethylated DNA (Supple-
mental Figure 7, compare lanes 4 and 6).
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To understand how hNaalOp stimulates the enzymatic activ-
ity of DNMT1, we asked whether hNaalOp facilitates binding of
DNMT1 to its substrate by EMSA assays. DNMT1 bound to the
biotin-labeled DNA substrate (Figure 5D, lane 2), and, impot-
tantly, this binding increased in a hNaalOp dose-dependent
manner (Figure 5D, lanes 3-6). Interestingly, hNaalOp alone was
able to bind to the hemimethylated DNA probe in a gel with a
higher percentage of the polyacrylamide (Supplemental Figure 8,
lane 5). Moreover, the hNaalOp-DNA interaction could only be
competed by nonmethylated DNA (Supplemental Figure 8, lanes
6-8), but not by fully methylated DNA (Supplemental Figure 8,
lanes 9-11). These data collectively allowed us to conclude that
hNaalOp stimulates DNMT1 activity by increasing the associa-
tion of DNMT1 with its substrate DNA and is independent of
the acetylase activity of hNaalOp. Next, we analyzed whether
hNaal0p facilitates the recruitment of DNMTT1 to its targets in
cells. We used ChIP assays to analyze DNMT1 binding to the pro-
moter region of the E-cadherin gene (a known DNMT]1 target;
refs. 38, 43) in H1299 cells with or without overexpression of
hNaalOp. Whereas overexpression of hNaalOp greatly increased
DNMT1 association with the E-cadherin promoter, this effect
was not observed in the p21 promoter (Figure SE). Important-
ly, hNaalOp depletion diminished DNMT1 binding, whereas
knocking down DNMT1 did not affect hNaalOp association
(Figure SF). Together, these results indicate that hNaalOp facili-
tates recruitment of DNMT]1 to the E-cadherin promoter.

We next investigated whether depletion of hNaal0p affects the
level of E-cadherin promoter methylation (Figure 6A). Bisulfite
sequencing showed that knockdown of DNMT1 reduced meth-
ylation of CpG sites within the E-cadherin promoter from -202
bp to +31 bp (Figure 6B). As expected, the DNA methylation level
of the E-cadherin proximal promoter decreased when hNaalOp
or DNMT1 was depleted from cells (Figure 6B). Furthermore,
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hNaa10p maintains and stimulates DNMT1 activity by increasing DNMT1 binding to DNA. (A) H1299 cells transfected with si-hNAA70-1 or
si-DNMT1 or treated with 5'-AzadC had reduced DNMT activity compared with cells mock transfected or transfected with si-Tax. Western
blot shows expression of corresponding proteins. (B) Overexpressing WT hNaa10p, acetylase-dead mutant hNaa10p R82A, or DNMT1-V5
increased DNMT activity of 293T cells. (C) hNaa10p stimulated DNMT1 activity independently of acetyl-CoA. Recombinantly purified DNMT1
and His-hNaa10p, alone or in combination, were mixed with or without acetyl-CoA, followed by DNMT assay. (D) hNaa10p facilitated DNMT1
binding to DNA in vitro. EMSA assays were applied with the biotin-labeled hemimethylated DNA probe alone or with the recombinantly purified
DNMT1 in the absence or presence of increasing amounts of E. coli—expressed and purified His-hNaa10p. (E) ChIP assay showed that enforced
expression of vector or hNaa10p in H1299 cells enhanced DNMT1 binding to promoter of E-cadherin, but not p21. (F) ChIP showed that deplet-
ing hNaa10p from H1299 cells by si-hNAA70-2 abolished DNMT1 binding to the E-cadherin promoter, whereas DNMT1 loss of function did not
impair hNaa10p binding to the same promoter. Lanes in A and B were run on the same gel but were noncontiguous (white lines).

overexpression of the siRNA-resistant hNaalOp restored CpG
methylation (Figure 6C). It should be noted that methylation of
this region has previously been shown to be most tightly associ-
ated with loss of E-cadherin expression (43, 44). Thus, consistent
with the observation that hNaalOp facilitated the recruitment of
DNMTT1 to the E-cadherin promoter, hNaalOp also facilitated
the corresponding promoter methylation.

To further study whether hNaalOp is indeed involved in the
transcriptional regulation of E-cadherin, we tested the reporter
activity driven by E-cadherin proximal promoter in the absence or
presence of overexpressed hNaalOp. In agreement with the above
data, the E-cadherin promoter activity was reduced by hNaalOp
in a dose-dependent manner (Supplemental Figure 9A) and
increased when hNaalOp was depleted (Supplemental Figure 9B).
Importantly, hNaalOp-mediated downregulation of E-cadherin
promoter activity was lost when cellular DNMT1 was eliminated
(Figure 7A), which indicates that hNaalOp repression of E-cad-
herin expression depends on DNMT1. Moreover, the hNaalOp
mutant lacking DNMT]1 interaction domain (aa 102-122) did
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not repress E-cadherin promoter activity to the same degree as
did WT hNaalOp (Figure 7B). Results of the reporter assays were
further confirmed by analyzing endogenous E-cadherin expres-
sion at the mRNA and protein levels. Depletion of hNaalOp in
H1299 cells increased the mRNA and protein levels of E-cadherin
(Figure 7, C and D). We noted that siRNA against hNAAIO fre-
quently increased the DNMT1 protein level (Figure 7D). How-
ever, the increased DNMT1 no longer downregulated E-cadherin
expression without hNaalOp, consistent with the ChIP results
demonstrating that hNaalOp was required for the recruitment
of DNMTT1 to E-cadherin promoter. Furthermore, reexpression
of siRNA-resistant hNaalOp downregulated the protein level
of E-cadherin induced by deleting the endogenous hNaalOp
(Supplemental Figure 10). Consistently, overexpressing hNaalOp
without DNMT1 interaction domain (aa 102-122) failed to cause
the same effect (Figure 7E). These results indicate that hNaalOp
regulation of E-cadherin expression is not an off-target effect and
relies on DNMT1 interaction. Finally, to further confirm that the
defective colony formation ability of hNaalOp-depleted cells is
Volume 120 2925
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hNaa10p and E-cadherin promoter methylation. (A) The sequence of the proximal promoter region —202 to +31 bp of the E-cadherin gene
containing 17 CpGs (shown by bold and underline). (B and C) Bisulfite sequencing analysis. After bisulfite treatment, 10 independent clones of
the indicated groups were sequenced. Black circles denote methylated cytosine in specific CpG; white circles denote nonmethylated cytosine
in specific CpG. (B) Depleting hNaa10p or DNMT1 from H1299 cells reduced E-cadherin promoter methylation. (C) Overexpression of siRNA-

resistant hNaa10p restored E-cadherin promoter methylation.

caused, at least in part, by reexpression of E-cadherin, we knocked
down E-cadherin in hNaalOp-depleted cells; as expected, colony
formation ability was partly restored (Figure 7F). Together, our
findings suggest that hNaalOp represses E-cadherin expression
via recruitment of DNMT1.

Discussion
We have provided in vitro and in vivo evidence demonstrating the
oncogenic activity of hNaalOp. We also demonstrated that hNaalOp
can interact with DNMT1 and positively regulate DNMT1 enzymat-
ic activity, particularly its de novo DNMT activity for unmethylated
DNA (Supplemental Figure 7). Increasing the affinity of DNMT1 to
its target DNA, rather than acetylating DNMT1, is likely the mecha-
nism by which hNaa10p modulates DNMT1 activity.

Surprisingly, we found that purified hNaalOp bound to hemi-
methylated DNA fragments, and the binding could only be dis-
rupted by nonmethylated DNA oligo, not by fully methylated
DNA probes (Supplemental Figure 8). Thus, unlike UHRF1,
which regulates DNMT1 function by specifically recogniz-
ing hemimethylated DNA (45, 46), hNaalOp can interact with
both nonmethylated and hemimethylated DNA. Together with
the in vivo data showing that (a) hNaalOp was present on the
E-cadherin promoter when DNMT1 was depleted (Figure SF);
(b) hNaalOp was required for DNMT1 to associate with the
E-cadherin promoter (Figure 5F); and (c) hNaalOp regulated
E-cadherin gene expression depending on its interaction with
DNMTT1 (Figure 7), these observations suggest that hNaalOp
likely stabilizes the DNMT1/DNA complex by interacting with
both DNMT]1 and the target DNA.
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Notably, in some cases of cancer, overexpression of DNMT1 does
not necessarily result in hypermethylation of its downstream genes
(47, 48). Moreover, a number of reports also demonstrate that
hypermethylation of some DNMT1 target genes does not require
increased DNMT1 expression (49, 50). These observations raise an
interesting hypothesis: we believe that regulation of DNMT1 activ-
ity and its recruitment to specific DNA plays a more important
role than regulation of DNMT1 expression level in fine-tuning the
activity of a specific subset of genes. Our present results suggest
that hNaal0p can likely bypass the need of DNMT]1 overexpres-
sion for tumor suppressor gene methylation by increasing the
association of existing DNMT1 to its targets.

Whether the acetylase activity of hNaalOp correlates with its
function in cancer is not clear. Although p-catenin can be acety-
lated by hNaa10p, whether acetylation is essential for the onco-
genic potential of B-catenin remains unaddressed (30). Tuberous
sclerosis 2 (TSC2) was recently shown to be N-a-acetylated by
hNaalOp, and the acetylation increases TSC2 protein stability
(29). In so doing, hNaalOp represses the mammalian target of
rapamycin (mTOR) signaling pathway and thus prevents breast
tumorigenesis (29). In the current study, we examined whether
acetyltransferase activity is required for hNaalOp to function
as an oncoprotein. The colony formation assay (Supplemental
Figure 6) and the cell proliferation study (data not shown) both
indicated that reexpression of the acetylase-dead hNaal0Op R82A
mutant still restored the above 2 functions repressed by deplet-
ing the endogenous hNaalOp, although not to the same degree
as by WT hNaalOp. This observation suggests that an acety-
lase-independent pathway is involved in hNaalOp-mediated
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DNMT 1-dependent repression of E-cadherin by hNaa10p contributes to hNaa10p oncogenic ability. (A) hNaa10p inhibition of E-cadherin pro-
moter activity was dependent on DNMT1. H1299 cells with lentivirus infection of si-scramble or si-DNMT1 were transfected with the luciferase
reporter driven by the E-cadherin promoter, together with vector or hNaa10p-V5 expression plasmid, followed by luciferase assay. (B) E-cadherin
promoter activity was only inhibited by transfected WT hNaa10p or hNaa10p mutant lacking aa 182—201, not by the mutant lacking DNMT1 bind-
ing region (aa 102 to 122). (C and D) Depletion of hNaa10p from H1299 cells increased mRNA (C) and protein (D) levels of E-cadherin gene.
Quantified E-cadherin protein levels (relative to -tubulin) are shown below the lane numbers. (E) Western blot showed that hNaa10p lacking
DNMT1 interaction domain (aa 102—122) failed to repress E-cadherin protein level. (F) Knocking down E-cadherin partly rescued the colony
formation ability inhibited by depleting hNaa10p. The indicated siRNAs were cotransfected into H1299 cells, followed by colony formation assay.
All data in A, B, C, and F are mean + SD from 3 independent experiments. *P < 0.05.

lung tumorigenesis. Taken together, results from our and
others’ laboratories suggest that both acetylation-dependent
and -independent mechanisms likely contribute to the function
of hNaalOp in tumorigenesis in a context-dependent manner.
We provided evidence that hNaalOp plays an important role
in the promoter silencing of the tumor suppressor gene E-cad-
herin, which likely contributes to hNaalOp oncogenic activity.
E-cadherin has previously been reported to function in both cell
invasion (51) and cell growth (52, 53). Indeed, we showed that
knocking down E-cadherin partly restored the colony formation
ability inhibited by si-hNAA10 (Figure 7F), which suggests that
E-cadherin and hNaalOp work in the same pathway. In addition
to E-cadherin, other genes — including potential tumor suppres-
sors, some of which are known to induce apoptosis (e.g., LATS2
and KLF2; refs. 54-56), and genes known to promote cell cycle
arrest — are also upregulated by depleting either hNaalOp or
DNMT1 (Supplemental Figure 11). Importantly, by analyzing
the expression of these genes available in published microarray
databases of lung cancer patients (57-59), we found that
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expression of E-cadherin, KLF2, QKI-6, and CDKN1C/pS7 was
inversely correlated with high expression of hNaalOp. LATS2 is
a potential tumor suppressor gene downregulated in non-small
cell lung carcinoma (NSCLC; ref. 60), and its promoter is hyper-
methylated in many cancers (61-63). We further demonstrated
that depleting hNaal0p reduced DNMT1 binding to the LATS2
promoter (Supplemental Figure 12A) and increased the mRNA
(Supplemental Figure 11A) and protein (Supplemental Figure
12B) levels of LATS2, which could only be repressed by reexpres-
sion of siRNA-resistant hNaalOp containing DNMT1 interac-
tion domain (Supplemental Figure 12, C and D). In support of
this, si-LATS2 partly restored the colony formation repressed by
depleting hNaalOp (Supplemental Figure 12E). Thus, in addi-
tion to inhibiting E-cadherin expression, repression of LATS2,
and other genes mentioned above, may also contribute to the
oncogenic function of hNaalOp. It is postulated that regulation
of these genes through DNMT1 might be an important mecha-
nism leading to the known phenotypes of hNaalOp in cell prolif-
eration (27, 32), anti-Gy/S arrest (30), and apoptosis (31, 32).
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In addition to lung cancer, we also found a negative expres-
sion correlation of hNaalOp with KLF2 and QKI-6 in prostate
and colon cancers (64, 65), hNaalOp with QKI-6 in bladder can-
cer (66), and hNaal0p with CDKN1C/pS7 in gastric cancer (67).
Whether high expression of hNaalOp in these cancers contrib-
utes to tumorigenesis remains to be investigated. As mentioned
in Introduction, whether hNaalOp is an oncoprotein or a tumor
suppressor is still debated (36, 37). In contrast to the oncogenic
role of hNaalOp in lung tumorigenesis, we indeed found that
depletion of hNaalOp increased the colony formation ability of
MCEF?7, a breast cancer cell line (data not shown). Consistent with
our result, hNaalOp was recently reported to inhibit breast cancer
formation through mTOR repression (29), as mentioned above.
Thus, it seems hNaalOp has distinct role in cells from different
cancer types. Whether this involves tissue-specific hNaalOp part-
ners or modifications remains to be investigated.

Methods
Lung cancer patients, clinical sample preparation, real-time PCR assay, and IHC assay.
For the hNAA10 mRNA analysis shown in Figure 1A, tissues were collected
after permission from the Institutional Review Board of Veterans General
Hospital-Taipei (Taipei, Taiwan) and informed consent from each recruited
patient were obtained. Surgically resected tumor samples from 23 patients
diagnosed with primary NSCLC admitted to Veterans General Hospital, Tai-
chung and Taipei, were collected between 1993 and 2003. Of these patients, 6
had squamous carcinoma, and 17 had adenocarcinoma. Histological data on
tumor types and stages were determined according to World Health Organi-
zation classifications. Surgically resected tumor samples were immediately
snap-frozen and subsequently stored in liquid nitrogen. For the mRNA
expression assay, total RNAs were prepared from matched pairs of primary
tumors and nearby normal lung tissues using TRIZOL reagent (Invitrogen).
cDNAs were synthesized using SuperScript RT (Invitrogen) according to
the manufacturer’s protocols. For IHC assay, surgically resected primary
adenocarcinoma tissues were collected from 1995 to 1998 with approval by
the Institutional Review Board of National Taiwan University Hospital (Tai-
pei, Taiwan). Tissue sections (5 wm) were dewaxed and rehydrated. Antigen
retrieval was done by incubating the slides in 0.01 M citric acid buffer at
100°C for 10 minutes. After blocking with 3% H,O, and 5% FBS, the slides
were reacted with a rabbit polyclonal Ab against hNaal0p diluted 1:300 at
4°C overnight. The slides were then incubated with polymer-HRP reagent
(BioGenex). The peroxidase activity was visualized with diaminobenzidine
tetrahydroxychloride (DAB) solution (BioGenix). The sections were counter-
stained with hematoxylin. Dark brown cytoplasmic staining was considered
positive, and no staining was considered negative. For negative control, we
replaced the primary Ab with 5% FBS. The proportion of tumor cells positive
for hNaalOp varied considerably, ranging from diffuse positive (>50%), to
focal (approximately 10%-50%), to trace (<10%).

Generation of stable clones by lentivirus infection, cell proliferation, soft agar, and
NOD-SCID mouse tumorigenicity assays. Lentiviruses were generated according
to the protocol of National RNAi Core Facility. H1299 cells were transduced
with lentiviruses at MOI of approximately 3-10. After transduction, cells
were selected by puromycin for 2 days. Selected cells were maintained in
puromycin-containing medium. The knockdown efficiency was checked by
Western blotting. For the cell proliferation assays shown in Figure 2C and
Figure 4B, 2.5 x 10* cells/well were seeded in a 6-well plate the day before
assay. At the indicated day, cells were trypsinized and counted by CASY TT
(Innovatis). For soft agar assays, 2,000 cells were mixed with 0.37% complete
RPMI-containing agar and seeded in the 6-well plate with 0.7% complete
RPMI-containing agar for 2 weeks. Colonies were stained with 0.05% crystal
violet, photographed, and counted by BioRad Quantity One software in
2928
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triplicate. For NOD-SCID mouse tumorigenicity assays, 5 x 10° cells were
subcutaneously injected into 8-week-old male NOD-SCID mice. The tumor
size was measured on the indicated days, and tumor volume was calculated
as (I x w?)/2, where [ is length and w is width (both in millimeters).

IP, Western blot, and luciferase assay. IP was performed as described previously
(68), except that cells were lysed in NP-40 buffer (S0 mM Tris-HCI, 120 mM
NaCl, and 0.5% NP-40) containing protease inhibitor mixture (Complete;
Roche Molecular Biochemicals). Western blot and luciferase assays were
performed as reported previously (69). For luciferase assays, the luciferase
intensity was normalized to the corresponding protein concentration.

GST pulldown and EMSA. E. coli-expressed his-hNaalOp was purified by
Ni-Sepharose 6 Fast Flow (Amersham Bioscience) according to the suppli-
er’s instructions (Qiagen) and further dialyzed against DNMT assay buffer
(50 mM Tris, pH 8.0; 1.0 mM EDTA; 1.0 mM DTT; 10% glycerol; 1% Tween
80; 1 mM PMSF; and 1 mM DTT). Purification of GST-fused proteins for
GST pulldown assays was carried out as reported previously (70), with
minor modifications. The in vitro translated hNaalOp fragments (TNT
system; Promega) pulled down by GST-DNMT1 fragments were subjected
to Western blot analysis with corresponding Ab. EMSA assays were per-
formed by mixing BSA or indicated proteins and 1 ul biotin-labeled hemi-
methylated DNA probes (Purigo Biotech) in 20 ul reaction buffer contain-
ing 5-fold Q buffer (20 mM HEPES, pH 7.9; 8% glycerol; 0.5 mM EDTA;
0.1 MKCL;0.5 mM DTT; and 0.5 mM PMSF) and 0.1 ug poly dA-dT (P5782;
Sigma-Aldrich). Reaction mixtures were separated by a 4% or 10% native
acrylamide gel in 0.5x TBE containing 5% glycerol and further analyzed by
Streptavidin-HRP (Jackson ImmunoResearch).

DNMT assay. Cells were collected and suspend in buffer A (10 mM
HEPES, pH 8.0; 1.5 mM MgCl,; 10 mM KCI; and 0.5% NP-40) containing
protease inhibitor mixture (Complete; Roche Molecular Biochemicals).
After centrifugation, the supernatant was removed, and the pellet was lysed
in buffer C (20 mM HEPES, pH 8.0; 25% glycerol; 0.42 M NaCl; 1.5 mM
MgCl,; and 0.2 mM EDTA) containing protease inhibitor mixture (Com-
plete; Roche Molecular Biochemicals), followed by dialysis against buffer D
(20 mM HEPES, pH 8.0; 20% glycerol; 100 mM KCI; 0.2 mM EDTA; 0.5 mM
PMSF; and 0.5 mM DTT). The DNMT assays shown in Figure 5, A and B,
were performed as described previously (71), with some modifications.
20 ug nuclear lysate was mixed with 0.5 ug poly dI-dC (Sigma-Aldrich) and
3 uCi [methyl-*H]-AdoMet (PerkinElmer) in 15 ul reaction buffer (50 mM
Tris, pH 8.0; 1.0 mM EDTA; 1.0 mM DTT; 10% glycerol; and 1% Tween 80)
at 37°C for 2 hours. Stop solution (1% SDS, 2 mM EDTA, 5% butanol,
0.25 mg/ml salmon sperm DNA, 125 mM NaCl, and 1 mg/ml proteinase K)
was then added, and the mixture was further incubated at 37°C for another
30 minutes. DNAs were ethanol precipitated, resuspended in 0.3 N NaOH,
and spotted onto GF/C filters (Whatman). The filters were washed with 5%
trichloroacetic acid and then with 70% ethanol. The radioactivity remained
on filters was analyzed using a Beckman liquid scintillation counter. All
reactions were carried out in triplicate. The DNMT assays shown in Figure
5C and Supplemental Figure 7 were similar to those described above, except
that E. coli-expressed and —purified His-Xpress-hNaal0Op and recombinant
DNMT1 (New England Biolabs) were mixed with DNA oligo containing
random CG-rich sequences (Purigo Biotech) (72).

ChIP and cDNA analysis. ChIP assays were performed as described previ-
ously (69), with minor modifications. Rabbit anti-DNMT1 (GTX13537;
GeneTex) or anti-hNaalOp (generated in our laboratory) was used to
IP DNMT1- or hNaalOp-bound DNAs, which were then analyzed on
a LightCycler 480 (Roche) with LightCycler 480 SYBR Green I Master
(Roche) using DNA primers against E-cadherin (73) or p21 (74) pro-
moter regions. The amounts of IP DNAs were quantified and calculated
as follows: [DNAp| - [DNAy]/[DNAinpuc] (75). To measure the mRNA
level, total RNAs were collected using TRIzZoL reagent (Invitrogen) and
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converted into cDNA by SuperScript II RT (Invitrogen). Real-time PCR
was performed using the LightCycler 480 (Roche) according to the
manufacturer’s instructions. All real-time PCR was done in triplicate.

Bisulfite sequencing. Cells were harvested in lysis buffer (50 mM Tris,
pH 8.5; 1 mM EDTA; 0.5% Tween 20; and 2 mg/ml proteinase K). After
overnight incubation at 55°C, DNAs were extracted by phenol/chloroform
and precipitated by ethanol. Genomic DNA (1 ug) was bisulfite-converted
by EZ DNA Methylation-Gold kit (Zymo Research Co.) according to the
manufacturer’s instructions. Converted genomic DNA (50 ng) was sub-
jected to PCR with primers listed in Supplemental Table 1. Amplification
was carried out as follows: 95°C for 30 seconds, 53°C for 30 seconds, and
72°C for 30 seconds, repeated for 35 cycles. The final PCR product was
cloned into plasmid pCR IT using a TA cloning kit (Invitrogen). Isolated
plasmids were sequenced using ABI 3730 XL DNA Analyzer with T7 primer
(service from Genomics BioSci & Tech Inc.).

Statistics. The survival probability was calculated by Kaplan-Meier meth-
od according to the hNaalOp IHC staining results. Statistical analysis was
performed with SPSS. A P value less than 0.05 was considered significant.
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