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TET is targeted for proteasomal degradation by the
PHD-pVHL pathway to reduce DNA hydroxymethylation
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Hypoxia-inducible factors are heterodimeric transcription
factors that play a crucial role in a cell’s ability to adapt to low
oxygen. The von Hippel-Lindau tumor suppressor (pVHL) acts
as a master regulator of HIF activity, and its targeting of prolyl
hydroxylated HIF-a for proteasomal degradation under nor-
moxia is thought to be a major mechanism for pVHL tumor sup-
pression and cellular response to oxygen. Whether pVHL
regulates other targets through a similar mechanism is largely
unknown. Here, we identify TET2/3 as novel targets of pVHL.
pVHL induces proteasomal degradation of TET2/3, resulting in
reduced global 5-hydroxymethylcytosine levels. Conserved pro-
line residues within the LAP/LAP-like motifs of these two pro-
teins are hydroxylated by the prolyl hydroxylase enzymes
(PHD2/EGLN1 and PHD3/EGLN3), which is prerequisite for
pVHL-mediated degradation. Using zebrafish as a model, we
determined that global 5-hydroxymethylcytosine levels are
enhanced in vhl-null, eglnla/b-double-null, and egln3-null
embryos. Therefore, we reveal a novel function for the PHD-
pVHL pathway in regulating TET protein stability and activity.
These data extend our understanding of how TET proteins are
regulated and provide new insight into the mechanisms of
pVHL in tumor suppression.

Von Hippel-Lindau (VHL) is a classic tumor suppressor and
is linked to human hereditary VHL diseases that are autoso-
mal-dominant and neoplastic diseases, including clear cell re-
nal cell carcinoma (ccRCC) (1). The best-characterized func-
tion of pVHL is as a substrate recognition subunit of the VCB
E3 ligase complex, which targets the proline hydroxylated hy-
poxia-induced factors (HIF-1a and HIF-2«a) for proteasomal
degradation under normoxia (2). HIF-1a and HIF-2«, which
are master regulators of the cellular response to O, (3, 4), mod-
ulate the expression of a wide array of genes involved in multi-
ple biological processes in response to hypoxia. Therefore, tar-
geting of HIF-a for proteasomal degradation is thought to be
the major mechanism of tumor suppression of pVHL. How-
ever, targets other than HIF-o have been tentatively identified,
including estrogen receptor « (5), Kruppel-like factor receptor
7 (6), ERK5 (7), E2F1(8), androgen receptor (9), MAVS (10),
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AKT (11), and ZHX2 (12). A role for additional targets of
pVHL could contribute to multifarious nature of the symptoms
exhibited in VHL disease.

Given that both DNA methylation and hypoxia are corre-
lated with cancer initiation and progression (13, 14), the con-
nection between hypoxia and DNA methylation has been a
major focus of research, though the results have not always
been consistent (15-19). Hypoxia has been shown to influence
DNA methylation either by transcriptionally activating the ten-
eleven translocation enzyme 1 (TET1) or by reducing TET ac-
tivity (15, 19-21). The TET proteins (TET1, TET2, and TET3),
which are key factors identified in DNA demethylation serve as
methylcytosine dioxygenases that catalyze the successive oxi-
dation of 5-methylcytosine to 5-hydroxymethylcytosine (5-
hmC), 5-formylcytosine, and 5-carboxylcytosine (22-27). The
TET proteins have important roles in various biological proc-
esses, including the regulation of gene expression, meiotic mi-
tosis, embryogenesis, stem cell function, immunoregulation,
and cancer (27). Recently, TET1 has also been revealed to affect
hypoxia signaling through interaction with HIF-1a (28, 29). In
addition, Fumarate and Succinate (30) have been shown to reg-
ulate the expression of hypoxia-inducible genes via TET
enzymes. Therefore, TET proteins appear to affect hypoxia sig-
naling reciprocally.

DNA demethylation is a critical step in gene expression, and
TET proteins are key factors involved in this process. Thus, the
regulation of TET proteins has been investigated at the post-
translational level (31-37). IDAX and CXXC5 have been shown
to interact with TET2 and regulate its stability through cas-
pase-dependent degradation (31). Calpain 1 mediates TET1/2
turnover in mouse embryonic stem cells, and calpain 2 regu-
lates TET3 levels during differentiation (34). Furthermore,
p300 has been shown to mediate TET2 acetylation, resulting in
the stabilization of TET2 by inhibition of ubiquitination (37).
Consequently, by affecting TET protein stability, these fac-
tors can modulate DNA demethylation, which regulates gene
expression (31, 34, 37). The identification of factors that
modulate TET stability and the demonstration of the mecha-
nisms underlying this modulation would greatly increase the
understanding of the TET function. However, as a classic
protein degradation pathway, ubiquitin-proteasome system—
mediated proteolysis of TET proteins remains poorly under-
stood (38, 39).
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pVHL targets TET for proteasomal degradation

Given the reciprocal effect of hypoxia signaling and TET pro-
teins, we sought to determine whether pVHL, as a key compo-
nent of the E3 ligase complex of hypoxia signaling complex, has
an effect on TET protein stability and function in mediating
DNA demethylation. In this study, we demonstrate that pVHL
targets TET protein for proteasomal degradation. Moreover,
the prolyl hydroxylation of TET proteins catalyzed by PHD2
and PHD3 is prerequisite for pVHL-mediated proteasomal
degradation, revealing a mechanism of PHD-pVHL in regulat-
ing TET proteins that is similar to its mechanism in regulating
HIF-« proteins.

Results
pVHL interacts with TET proteins

To test whether pVHL interacts with TET proteins, we
performed co-immunoprecipitation assays. We cotransfected
Myc-tagged pVHL (Myc-VHL) together with FLAG-tagged
TET1/2/3 into HEK293T cells. FLAG-TET1/2/3 pulled down
Myc-pVHL efficiently (Fig. S1A and Fig. 1, A and B). To con-
firm whether pVHL interacts with TET endogenously, we fur-
ther performed co-immunoprecipitation assays using polyclo-
nal anti-pVHL antibodies in H1299 cells, a nonsmall-cell lung
carcinoma cell line that expresses endogenous pVHL, TET2/3.
Compared with rabbit IgG, anti-pVHL antibody pulled down
endogenous TET2/3 (Fig. 1C). Because of a lack of suitable
anti-TET1 antibody, we could not confirm whether pVHL
interacts with TET1 endogenously. Therefore, in subsequent
assays, we focused our studies on pVHL modulating TET2/3.

pVHL induces proteasomal degradation of TET proteins

Given the well-characterized function of pVHL as a compo-
nent of the VHL-elongin B/C E3 ligase complex (40), we sought
to determine whether pVHL could mediate TET proteasomal
degradation. Coexpression of FLAG-tagged pVHL together
with HA-tagged TET2/3 in HEK293T cells caused a dramatic
reduction of TET2 and TET3 protein levels in a dose-response
manner, but the proteasomal inhibitor, MG132 (20 um),
blocked reduction of TET2/3 effectively (Fig. 1, D and E). Simi-
larly, coexpression of pVHL together with HA-tagged TET1,
FLAG-tagged TET2, or FLAG-tagged TET3 in HEK293T cells
decreased the protein levels of TET1, TET2, and TET3 (Fig. S1,
B and C). Consistently, overexpression of pVHL caused reduc-
tion of endogenous TET2/3 levels in H1299 cells, which were
blocked by MG132 (20 um) (Fig. 1F). In addition, overexpres-
sion of pVHL also caused reduction of endogenous TET2 levels
in HEK293T cells (Fig. S1D). Conversely, knockdown of pVHL
by VHL-shRNA in H1299 cells enhanced TET2/3 protein levels
(Fig. 1G).

When the protein synthesis inhibitor cycloheximide (50 g/
ml) was added to the culture medium, the degradation rate of
TET2/3 was faster when pVHL was coexpressed compared
with the empty vector control, suggesting that the new protein
synthesis was not required in this process (Fig. 1, H and I).
Taken together, these data suggest that pVHL induces protea-
somal degradation of TET proteins.

Of note, it has been reported that hypoxia enhances TET
expression (resulted in increased 5-hmC) via HIF-dependent
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transactivation of TET1/2/3 (20, 21, 41). To determine whether
degradation of endogenous TET2/3 by pVHL is caused by the
effect of pVHL in suppression of HIF-dependent TET2/3 trans-
activation, we performed quantitative real time PCR assays
(qPCR). As shown in Fig. S2A, overexpression of pVHL in
H1299 cells could not diminish TET2/3 mRNA levels under
normoxia, which agreed with the low protein levels of HIF-« in
VHL-intact cell lines under normoxia (42). However, knock-
down of pVHL by VHL-shRNA in H1299 cells increased TET2/
3 mRNA levels in a dose-dependent manner under normoxia
(Fig. S2B). Moreover, when the HIF-a—specific inhibitor 2-
methoxyestradiol (2ME2) (50 um) was added to the culture me-
dium (43), the enhancement of TET2/3 mRNA levels by knock-
down of pVHL disappeared (Fig. S2C). These data indicate that
pVHL could indeed modulate TET expression via HIF-depend-
ent transactivation. However, when the HIF-a function was
blocked by 2ME2 (50 um), knockdown of pVHL still clearly
caused increases of endogenous TET2/3 protein levels (Fig.
S2D), suggesting that pVHL could regulate TET stability at the
protein level independent of HIF and regulate TET expression
via HIF-dependent transactivation in H1299 cells as reported
previously (20, 21, 41).

pVHL reduces TET enzymatic activity

TET is known to oxidize 5-methylcytosine to 5-hydroxyme-
thylcytosine (5hmC) (23, 25), with subsequent formation of 5-
formylcytosine and 5-carboxylcytosine (22, 44), and to trigger
passive, DNA replication—dependent DNA demethylation
(45, 46). To determine whether pVHL affects TET function, we
examined global 5hmC levels by dot blot assays. Overexpres-
sion of pVHL in H1299 cells significantly decreased global
5hmC levels (Fig. 2, A and B; pCMV-VHL versus pCMV
empty). By contrast, overexpression of TET2 increased
global 5hmC levels (Fig. 2, A and B; HA-TET2 versus pCMV
empty). Furthermore, the increase in global 5hmC levels
was reversed by coexpression of pVHL together with TET2
(Fig. 2, A and B; HA-TET2 + pCMV-VHL versus HA-TET2).
Similar results were observed for TET3 (Fig. 2, C and D). Con-
versely, transfection with VHL-shRNA increased the global
5hmC levels compared with transfection with GFP-shRNA (Fig.
2, Eand F).

To determine whether pVHL affects global 5hmC levels via
the HIF pathway, we blocked HIF-« function by adding 2ME2
(50 um) to the culture medium (43) and examined global 5hmC
levels through dot blot assays. When VHL was knocked down
by transfection with VHL-shRNA, the global 5hmC levels in
the cells were increased compared with the cells transfected
with GFP-shRNA (Fig. S2, E and F). These results suggest that
pVHL can affect TET activity independent of HIF.

Taken together, these data suggest that pVHL attenuates
TET enzymatic activity, leading to reduction of global 5hmC
levels, and that the effect of pVHL on TET activity appears to
be independent of the HIF pathway.

PHD2/3 mediate TET2/3 protein degradation

pVHL targets prolyl hydroxylated HIF-1a or HIF-2« for pro-
teasomal degradation under normoxia (40). In this process,
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Figure 1. pVHL interacts with TET2/3 and induces TET2/3 degradation. A and B, pVHL interacts with TET2 or TET3. Co-immunoprecipitation of Myc-VHL
with FLAG-TET2 or FLAG-TET3 in HEK293T cells transfected with the indicated plasmids. Anti-FLAG antibody was used for co-immunoprecipitation. C, endoge-
nous pVHL interacts with endogenous TET2 or TET3 in H1299 cells. Anti-VHL antibody was used for co-immunoprecipitation, and rabbit IgG was used as con-
trol. D and E, pVHL induces degradation of TET2 or TET3, but the protein degradation is blocked by MG132. HEK293T cells were transfected with the indicated
plasmids and harvested after transfection of 24 h; MG132 (20 pum) was added to the culture medium for 8 h before the cells were harvested; and the proteins
were detected by Western blotting analysis. (—), the cells transfected with the empty vector control; (+), the cells transfected the indicted vector (1.0 png); N,
the cells transfected with the indicated vector (2.0 ug). F, overexpression of pVHL induces degradation of endogenous TET2 or TET3 in H1299 cells, but the pro-
tein degradation is blocked by MG132. H1299 cells were transfected with pCMV-VHL and harvested after transfection of 24 h; MG132 (20 pum) was added to the
culture medium for 8 h before cells were harvested, and the same amount of DMSO was used as a carrier control; the proteins were detected by Western blot-
ting analysis. (—), the cells transfected with the empty vector control; (+), the cells transfected the indicted vector (1.0 jig); (*7), the cells transfected with the
indicated vector (2.0 ng). G, knockdown of VHL by pSuper-VHL-shRNA enhances endogenous TET2 and TET3 in H1299 cells. H1299 cells were transfected with
pSuper-VHL-shRNA and harvested after transfection of 24h; the proteins were detected by Western blotting analysis. (=), the cells transfected with the empty
vector control; (+), the cells transfected the indicted vector (2.0 ug); (™), the cells transfected with the indicated vector (4.0 ug). H and /, overexpression of
pVHL reduces stabilization of TET2 or TET3 in the presence of cycloheximide (CHX; 50 pg/ml). HEK293T cells were transfected with the indicated plasmids for
24 h, then cycloheximide was added to the culture medium. At different time points, the cells were harvested for Western blotting analysis. /B, immunoblot-

ting; IP, immunoprecipitation; TCL, total cell lysate.

HIF-o is hydroxylated by PHD (also called EGLN) prolyl
hydroxylase enzymes (PHD1/EGLN2, PHD2/EGLNI1, and
PHD3/EGLN3) at conserved proline residues in the LAP
motifs, which is required for pVHL-mediated proteasomal deg-
radation (47, 48). Of note, TET proteins of human, mouse, and
zebrafish contain similar LAP motifs or LAP-like motifs that
are identical to those of HIF-1a and HIF-2¢, in which the pro-
line residues are evolutionarily conserved (Fig. S3). This simi-
larity prompted us to assess whether the PHDs are also
involved in pVHL-induced TET protein degradation. First, we
cotransfected HA-tagged TET2/3 or versions of these proteins
with proline mutated to alanine in the LAP/LAP-like motifs
(TET2-Pro/Ala mutant, TET2-P1248A/P1255A; TET3-Pro/
Ala mutant, TET3-P948A/P955A) together with PHD1 (HA-
PHD1), PHD2 (FLAG-PHD2), or PHD3 (HA-PHD3). Cotrans-
fection of PHD1 had no obvious effect on protein stability of
TET2/3 and their mutants (TET2-Pro/Ala mutant and TET3-
Pro/Ala mutant) (Fig. S4). However, cotransfection of PHD2/3
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induced degradation of TET2/3 in a dose-dependent manner
with no significant effect on their mutants (Fig. 3, A-D).

To gain insight into the mechanisms by which PHD2/3
induce TET2/3 degradation, we examined whether PHD2/3
interact with TET2/3 by co-immunoprecipitation assays. After
cotransfection of Myc-tagged PHD proteins and FLAG-tagged
TET proteins in HEK293T cells, anti-PHD?2 antibody efficiently
pulled down PHD2 and anti-FLAG antibody efficiently pulled
down PHD3 (Fig. 3, E, F, H, and I). Moreover, anti-TET2/3
antibody could also pull down endogenous PHD2/3 in H1299
cells, suggesting physiological interaction between PHD2/3 and
TET2/3 (Fig. 3, G and ).

To further determine whether PHD2/3-mediated TET2/3
degradation depends on PHD2/3 enzymatic activity, we used
catalytically inactive PHD2 (PHD2-mut, PHD2-H290/351A)
and PHD3 (PHD3-mut, PHD3-H135/196A) mutants (49-52).
Compared with coexpression of WT PHD2 (PHD2-wt) or WT
PHD3 (PHD3-wt), coexpression of PHD2 mutant (PHD2-mut)
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Figure 2. pVHL reduces globe 5hmC levels. A, dot blot analysis for 5ShmC indicates that overexpression of pVHL causes TET2-induced 5hmC to diminish sig-
nificantly in H1299 cells. B, quantitation of relative 5hmC levels in Fig. 1A. C, dot blot analysis for 5hmC indicates that overexpression of pVHL causes TET3-
induced 5hmC diminished significantly in H1299 cells. D, Quantitation of relative 5hmC levels in Fig. 1C. E, the globe 5hmC levels were increased when pVHL
was knocked down by pVHL-shRNA in H1299 cells. F, quantitation of relative 5ShmC levels in Fig. 1E. Data are presented as mean = S.D.; *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001 (unpaired Student’s t test); ns, no significance.

and PHD3 mutant (PHD3-mut) had no obvious effect on
TET2/3 protein stability (Fig. 4, A-D). Furthermore, overex-
pression of WT, but not mutant PHD2 or PHD3, induced deg-
radation of endogenous TET2/3 in H1299 cells (Fig. 4, E and F).
To verify these results, we added the hydroxylase inhibitor
DMOG (dimethyloxalylglycine) (53) to the cell culture me-
dium, which enhanced the protein levels of TET2/3 and HIF-
2a (positive control) in a dose-dependent manner (Fig. 4G and
Fig. S5A). Furthermore, treatment with DMOG enhanced en-
dogenous TET2/3 protein levels in mouse embryonic fibroblast
(MEF) cells (Fig. 4H).

Collectively, these data suggest that PHD2/3 interact with
TET2/3 to mediate TET protein degradation and that the deg-
radation depends on the hydroxylase activity of PHD.

pVHL induces TET2/3 protein degradation, which is
dependent of prolyl hydroxylation of TET2/3 catalyzed by
PHD2/3

To verify that prolyl hydroxylation of TET proteins is
required for pVHL-mediated degradation, we examined the
effect of pVHL on the protein stability of TET2/3 with proline
residues mutated in the LAP/LAP-like motifs. Compared with
TET2-wt and TET3-wt, TET2-Pro/Ala (TET2-P1248A/P1255A)

16302 J Biol. Chem. (2020) 295(48) 16299-16313

and TET3-Pro/Ala (TET3-P948A/P955A) mutants were less
obviously degraded by coexpression of pVHL in HEK293T cells
(Fig. 5, A and B). Of note, the LAP/LAP-like motifs are located
in the core-catalytic domains (CD) of TET2 (amino acids
1030-1912) and TET3 (amino acids 837-1713), which are
essential for the enzymatic activity of TET2/3 (54). However,
the enzymatic activity of TET2/3 was not affected when proline
was mutated to alanine, suggesting that proline residue might
influence protein stability of TET2/3 but not enzymatic activity
(Fig. S6). We sought to determine whether pVHL specifically
induces degradation of the CD in TET2/3. Coexpression of
pVHL caused a decrease in the protein levels of TET2-CD
(amino acids 1030-1912) and TET3-CD (amino acids 837-
1713) (Fig. S7, A and B). Moreover, coexpression of pVHL also
did not induce degradation of TET2/3-CD mutants in which
proline residues were mutated to alanine (TET2/3-CD-Pro/
Ala) (Fig. S7, A and B).

To further confirm that pVHL mediates proteasomal degra-
dation via the CD of TET2 or TET3, we performed ubiquitina-
tion assays with TET2/3-CD. MG132 was added to block pro-
teasomal degradation of TET proteins by pVHL. As expected,
coexpression of pVHL enhanced poly-ubiquitination of TET2/
3-CD-wt but not TET2/3-CD-Pro/Ala (Fig. 5, C and D).
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Figure 3. PHD2/3 induce TET2/3 degradation and interact with TET2/3. A and B, PHD2 and PHD3 induces degradation of WT TET2 (TET2-wt) but not of
TET2-Pro/Ala mutant (TET2-P1248A/P1255A) in HEK293T cells. C and D, PHD2 and PHD3 induce degradation of WT TET3 (TET3-wt) but not of TET3-Pro/Ala mu-
tant (TET3-P948A/P955A) in HEK293T cells. E and F, TET2 interacts with PHD2 or PHD3 in HEK293T cells revealed by co-immunoprecipitation assays. G, endoge-
nous TET2 interacts with endogenous PHD2 or PHD3 revealed by co-immunoprecipitation assays in H1299 cells. Anti-TET2 antibody was used for co-
immunoprecipitation, and rabbit IgG was used as control. H and /, TET3 interacts with PHD2 and PHD3 in HEK293T cells revealed by co-immunoprecipitation
assays. J, endogenous TET3 interacts with endogenous PHD2 or PHD3 revealed by co-immunoprecipitation assays in H1299 cells. Anti-TET3 antibody was
used for co-immunoprecipitation, and rabbit IgG was used as control. (A-D) IB, immunoblotting; (—), the cells transfected with the empty vector control; (+),

the cells transfected with the indicted vector (0.5 pug); ()

, the cells transfected with the indicated vector (1.0 ng). (E-J) IB, immunoblotting; /P, immunoprecipi-

tation; TCL, total cell lysate; (—), the cells transfected with the empty vector control; (+), the cells transfected with the indicated vector.

Conversely, knockdown of pVHL by coexpression of pVHL-
shRNA reduced the poly-ubiquitination of TET2/3-CD-wt
(Fig. 5E).

To confirm that PHDs indeed catalyze TET prolyl hydroxyla-
tion, we developed specific antibodies against hydroxylated
TET?2 based on the proline residues located in the LAP/LAP-
like motifs. The anti-hydroxylated-TET2 antibody (anti-TET2-
OH) and anti-hydroxylated-TET3 antibody (anti-TET3-OH)
worked well and were validated by dot blot assays (Fig. S8). As
shown in Fig. 5F, overexpression of PHD3 enhanced hydroxyla-
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tion of TET2-wt but not TET2-Pro/Ala. Moreover, MG132
treatment dramatically enhanced hydroxylation of endogenous
TET2 (1.00 versus 2.83), but DMOG treatment reduced
hydroxylation of endogenous TET2 (1.00 versus 0.56) (Fig. 5G).
Notably, even though the enhancement effect of MG132 and
DMOG on endogenous TET?2 protein level was quite similar
(1.55 versus 1.00; 1.48 versus 1.00), the ratio of hydroxylated
TET2 in total TET2 of MG132 treatment was four times higher
than that in DMOG treatment (2.83 versus 0.56) (Fig. 5G). This
difference further indicated that MG132 blocked proteasomal
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Figure 4. PHD2/3 induce degradation of TET2/3 depending on PHD proline hydroxylase activity. A and B, catalytically inactive PHD2-mut (PHD2-H290/
351A) does not induce degradation of TET2 or TET3 in HEK293T cells. C and D, catalytically inactive PHD3-mut (PHD3-H135A/H196A) does not induce degrada-
tion of TET2 and TET3 in HEK293T cells. E and F, catalytically inactive PHD2-mut or catalytically inactive PHD3-mut does not induce degradation of endogenous
TET2 and TET3 in H1299 cells. G, hydroxylase inhibitor DMOG enhances transfected HA-TET2 or HA-TET3 in HEK293T cells. H, DMOG enhances endogenous
TET2 or TET3 in MEF cells. /B, immunoblotting; (—), the cells transfected with the empty vector control; (+), the cells transfected the indicted vector (0.5 pg);

(™), the cells transfected with the indicated vector (1.0 na).

degradation of hydroxylated TET2 but DMOG blocked
hydroxylation of TET2, leading to a similar effect eventually, an
enhancement of endogenous TET2 protein. Similar results
were obtained by using anti-hydroxylated-TET3 antibody
(anti-TET3-OH) (Fig. 5, H and ).

In addition, we synthesized six biotinylated hydroxylated or
unhydroxylated peptides covering the predicted hydroxylated
proline residues in HIF-1a (Pro-564) (used as a control), TET2
(Pro-1248/1255), and TET3 (Pro-948/955), respectively, and
performed peptide pull-down assays (Fig. S94) (11, 55). As
shown in Fig. S9B, the biotinylated hydroxylated peptides of
HIF-1a, TET2, or TET3 pulled down pVHL efficiently. By con-
trast, the biotinylated unhydroxylated peptides of HIF-1a,
TET2, or TET3 could not pull down pVHL (Fig. S9B). More-
over, the N-terminal 8 domain deleted mutant of pVHL (Myc-
VHL-A64-154) could not be pulled down by the biotinylated
hydroxylated peptides of HIF-1a, TET2, or TET3 (Fig. S9C).
On the contrary, the C-terminal 8 domain deleted mutant of
pVHL (Myc-VHL-A193-204) could still be pulled down by the
biotinylated hydroxylated peptides of HIF-1c, TET2, or TET3
(Fig. S9C). Taken together, these data suggest that prolyl
hydroxylation mediates the effect of pVHL on TET degradation
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and the N-terminal 8 domain of pVHL is required for pVHL
binding to hydroxylated TET.

Collectively, these data support a model in which pVHL
induces TET2/3 proteasomal degradation and prolyl hydroxy-
lation of TET2/3 catalyzed by PHD2/3 is required for this
process.

TET2/3 could rescue hypoxia-induced hypermethylation

It has been reported that hypoxia causes DNA hyper-
methylation by reducing TET activity (15, 19). We noticed
that TET2 but not TET3 was induced under hypoxia in
H1299 cells (Fig. S10A4). In addition, under hypoxia, the
global 5hmC levels were reduced in H1299 cells (Fig. S10B).
However, overexpression of TET2/TET3 could rescue hy-
poxia-induced reduction of global 5hmC levels (Fig.S10B),
further suggesting an important role of TET2/3 in hypoxia-
induced DNA hypermethylation.

Comparison of pVHL-mediated degradation on HIF-«
proteins and TET proteins

It has been well-established that pVHL mediates HIF-1x and
HIF-2a proteasomal degradation depending on the prolyl
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Figure 5. pVHL and PHD3 induce poly-ubiquitination of TET2/3 depending on HIF-ODD-like/LAP motif in TET2/3. A and B, overexpression of pVHL
induces degradation of WT TET2 and TET3 but causes TET2-Pro/Ala mutant and TET3-Pro/Ala mutant to be barely diminished. C, pVHL catalyzes poly-ubiquiti-
nation of WT TET2-CD (TET2-CD-wt) but not of TET2-CD-Pro/Ala mutant. D, pVHL catalyzes poly-ubiquitination of WT TET3-CD (TET3-CD-wt) but not of TET3-
CD-Pro/Ala mutant. E, knockdown of pVHL by pSuper-VHL-shRNA causes reduction of poly-ubiquitination of WT TET2-CD (TET2-CD-wt) or WT TET3-CD (TET3-
CD-wt) in H1299 cells. F, overexpression of PHD3 enhances hydroxylation of WT TET2 (TET2-wt) but not of TET2-Pro/Ala mutant as revealed by anti-TET2-OH
antibody. HEK293T cells were transfected with the indicated plasmids. After co-immunoprecipitation using anti-HA conjugated agarose beads, the loading
amount of protein was adjusted to similar levels between the samples with and without PHD3 overexpression based on the pilot experiments. G, the proteaso-
mal inhibitor MG132 causes enhancement of hydroxylation of TET2 and the hydroxylase inhibitor DMOG causes reduction of hydroxylation of TET2. MG132
(20 pm) or DMOG (1 mm) was added to the culture medium for 8 h before cells were harvested; DMSO was used as a carrier control. C-£, HEK293T or H1299 cells
were transfected with the indicated vectors; MG132 (20 um) was added to the culture medium; the cell lysates underwent affinity purification using nickel-nitri-
lotriacetic acid resin; and anti-HA was used for detection. IB,immunoblotting; TCL, total cell lysate; (—), the cells transfected with the empty vector control; (+),

the cells transfected with the indicated vector.

hydroxylation catalyzed by PHDs. PHDs are thought to serve as
oxygen sensors (40). Therefore, we speculated that the effect of
pVHL on TET may also be similarly affected by the oxygen sta-
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tus. To explore this possibility, we first established a system for
assessing hypoxia effects by cotransfecting VHL together with
FLAG-HIF-1la or FLAG-HIF-2a in HEK293T cells. Under
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Figure 6. Comparison of TET2 and TET3 with HIF-1a and HIF-2a degradation induced by pVHL. A, pVHL induces degradation of overexpressed HIF-1a
under normoxia, which is partially recovered under hypoxia (2% O,) in HEK293T cells. B, pVHL induces degradation of overexpressed HIF-2a under normoxia,
which is recovered under hypoxia (2% O,) in HEK293T cells. C, pVHL induces degradation of overexpressed TET2 under normoxia, which is partially recovered
under hypoxia (2% O,) in HEK293T cells. D, pVHL induces degradation of overexpressed TET3 under normoxia and hypoxia (2% O,) in HEK293T cells. £, com-
parison of endogenous TET3, TET2, HIF-2«, and HIF-1« in parental RCC4 cells (—) or RCC4 cells reconstituted with pVHL (+) under normoxia and hypoxia. A-D,
HEK293T cells were transfected with the indicated plasmids. After transfection for 10-12 h, the cells were subjected for hypoxia treatment for 10-12 h (2% O,)
or kept in normoxic conditions (21% O,). Then, the cells were harvested for Western blotting analysis. /B, immunoblotting; /P, immunoprecipitation; TCL, total
cell lysate; (—), the cells transfected with the empty vector control; (+), the cells transfected with the indicated vector.

normoxia (21% O,), coexpression of VHL significantly reduced
protein levels of both FLAG-HIF-la and FLAG-HIF-2a, as
expected, whereas under hypoxia (2% O,), coexpression of
pVHL had no effect on HIF-2a (Fig. 6, A and B). Intriguingly,
under hypoxia, coexpression of pVHL still reduced HIF-1la
protein levels, which might suggest that the hydroxylation of
HIF-1a by PHDs is more sensitive than the hydroxylation of
HIF-2a by PHDs. This phenomenon might also reflect differ-
ences in the behaviors and functions of HIF-1a and HIF-2« in
the hypoxia signaling pathway (4).

Next, we cotransfected VHL together with HA-TET2/3.
Under normoxia, pVHL caused obvious decrease in TET2/3,
whereas under hypoxia, pVHL still caused decreases, but they
were less dramatic than under normoxia, which is similar to
what was observed for HIF-1« (Fig. 6, Cand D).

To compare the effect of pVHL on endogenous HIF-1a,
HIF-2a, TET2, and TET3, we used RCC4 cells, a VHL-deficient
kidney cancer cell line in which HIF-a (HIF-1a and HIF-2«) is
highly expressed under normoxia (56). Similar to cotransfec-
tion assay results, reconstitution of pVHL in RCC4 cells caused
a reduction of HIF-1«, HIF-2, TET2, and TET3 under nor-
moxia. Under hypoxia, similar levels of HIF-2«a and TET2 were
observed with/without VHL but HIF-1a was reduced some-
what and TET3 was reduced dramatically (Fig. 6E). In addition,
the TET2 and TET3 mRNA levels were lower in parental RCC4
cells compared with those in RCC4 cells reconstituted with
VHL (RCC4/VHL) under normoxia (Fig. S114), which indi-
cated that pVHL did not affect TET expression via HIF-de-
pendent transactivation, different from that in H1299 cells.
Therefore, the effect of pVHL on TET proteins appears to be
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the most similar to the effect of pVHL on HIF-a. Of note, the
global 5hmC levels were lower in RCC4/VHL cells compared
with parental RCC4 cells under normoxia (Fig. S11, B and C).
Interestingly, under hypoxia, the global 5hmC levels were still
lower in RCC4/VHL cells compared with RCC4 cells (Fig. S11,
B and C), implicating that pVHL might still have an effect on
TET2/3 function even under hypoxia.

Therefore, the mechanism of pVHL-mediated TET protea-
somal degradation is similar to that of pVHL-mediated HIF-«
proteasomal degradation.

Zebrafish vhl, egin1a(phd2a), egin1b (phd2b), and egin3
(phd3) mediate reduction of global 5hmC levels in vivo

Zebrafish vil and tet enzymes have functions similar to their
orthologs in mammalians (Fig. S12) (57, 58). To gain insight
into the physiological role of pVHL and PHDs on the stability
of TET proteins and their global 5hmC levels, we took advant-
age of the zebrafish models. As for mammalian pVHL, zebrafish
vhl induced zebrafish tet2-CD (amino acids 883-1715) and tet3
degradation when vkl was overexpressed in HEK293T cells
(Fig. 7, A and B). To confirm the role of v/l on global 5hmC lev-
els in vivo, we injected synthetic vi/ mRNA or GFP mRNA con-
trol into zebrafish embryos at the one-cell stage. After 24 h, the
embryos were harvested for dot blot assays by anti-5hmC anti-
body. The global 5hmC levels were significantly decreased in
embryos injected with vi/ mRNA compared with those injected
with GFP mRNA control (Fig. 7, C and D). Expression of
injected mRNA was confirmed by Western blotting analysis
(Fig. 7E). Consistently, the global 5hmC levels were enhanced
significantly in vhl-null zebrafish larvae (hi™'7) (6 dpf)
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Figure 7. Zebrafish vhl, egin1a/b, and egln3 reduce global 5ShmC levels in vivo. A and B, zebrafish vhl induces degradation of zebrafish tet2-CD (aa
883-1715) and tet3 in HEK293T cells. HEK293T cells were transfected with the indicated plasmids. After transfection for 24 h, the cells were harvested
and the proteins were detected by Western blotting analysis. C, dot blot analysis for 5ShmC indicates that global 5hmC levels in the embryos injected
with vhl mRNA (n = 50 each group) is diminished significantly compared with the embryos injected with GFP mRNA control (24 h) (n = 50 in each
group). D, quantitation of Fig. 7C. E, expression of injected vhl mRNA is confirmed by Western blotting analysis. F, the global 5hmC levels in vh/-null
zebrafish larvae (vhl~/7) (6dpf, n = 50 each group) are enhanced significantly compared with the WT controls (vhI™'™) (6dpf, n = 50 each group). G,
quantitation of Fig. 7F. H, the global 5hmC levels in eginia/1b-double-null zebrafish embryos (egin1a '~ /egin1b™'") (48 hpf, n = 50 each group)
compared with the WT embryos (48 hpf, n = 50 in each group). /, quantitation of Fig. 7H. J, the global 5hmC levels in eg/n3 null zebrafish embryos
(egln3’/7) (48 hpf, n = 50 in each group) compared with the WT embryos (48 hpf, n = 50 each group). K, quantitation of Fig. 7J. IB, immunoblotting;
(=), the cells transfected with the empty vector control; (+), the cells transfected with the indicated vector. Data are presented as mean * S.D.; *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (unpaired Student’s t test).
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compared with WT control larvae (vl ™) (6 dpf) (Fig.7, Fand
G). These data suggest that vi/ reduces global 5-mhC levels in
vivo by targeting tet for degradation.

Subsequently, we sought to determine whether zebrafish
eglns (phds) are also involved in v/ function in reducing tet en-
zymatic activity in vivo. Zebrafish have two eglnl (phd2) genes,
eglnla (phd2a) and eglnib (phd2b), both of which are evolutio-
narily conserved with mammalian PHD2 (EGLN1) (Fig. S13),
and an egln3 (phd3) gene, which is also evolutionarily con-
served with mammalian PHD3 (EGLN3) (Fig. S14). Further-
more, zebrafish eglnla (phd2a), eglnlb (phd2b), and egin3
could induce degradation of zebrafish tet2-CD and tet3, as well
(Fig. S15).

To further characterize the physiological role of eglnlia,
eglnlb, and egln3 in regulating 5ShmC levels in vivo, we gener-
ated eglnla-null, eglnl1b-null, and egln3-null zebrafish, respec-
tively, by CRISPR/Cas9 techniques (Fig. S16). Through cross-
breeding, we also obtained eglnla/eginib double-null zebrafish
(eglnla™"" /eglnlb™’") and egln3-null zebrafish (egln3™"").
Overall, these homozygous zebrafish were physiologically
indistinguishable from their WT siblings. By dot blot assays,
the global 5-hmC levels in eglnla '~ /eglnlb™’~ embryos
were higher than those in WT control embryos (Fig. 7, H
and I). Similarly, the global 5-hmC levels in egln3™’~
embryos were higher than those in WT control embryos
(Fig. 7, J and K). These data suggest that zebrafish eglus
(phds) mediate vh/l’s function in reducing tet enzymatic ac-
tivity in vivo.

To determine whether the role of vil, eglnla, eglnlb, and
egln3 in regulating 5hmC levels in vivo is dependent of HIF-,
we used 2ME2 (150 um) to block HIF-« function and examined
global 5-hmC levels. Initially, we examined the tet2 and tet3
mRNA levels in zebrafish embryos with different genetic back-
grounds. Similar to what was exhibited in the VHL-knockdown
H1299 cell line, the mRNA levels of tet2 and tet3 and of vegfa
(positive control) were increased in vi/-null zebrafish (6 dpf)
compared with those in the WT siblings (6 dpf), further sug-
gesting that vkl can regulate expression of tet2/3 at the tran-
scriptional level (Fig. S17A). However, the mRNA levels of tet2/
3 and of vegfa were not altered in eglnla/eginib double-null
embryos (48 hpf) compared with those in the WT siblings (48
hpf), indicating that eglnl does not modulate expression of
tet2/3 at the transcriptional level (Fig. S17B). Similar to what
was exhibited in vil-null zebrafish, the mRNA levels of tez2/3
and of vegfa were increased in eg/n3-null zebrafish (48 dpf)
compared with those in the WT siblings (48 dpf), suggesting
that eg/n3 might also regulate expression of tet2/3 at the tran-
scriptional level (Fig. S17C). Given the increasing of tet2/3
expression in vhl-null and egln3-null zebrafish, to clarify
whether the increasing of global 5-hmC levels exhibited in vii-
null and egln3-null zebrafish is dependent of the HIF pathway,
we used 2ME2 (150 uM) to block HIF function in zebrafish lar-
vae or embryos. Treatment with 2ME2 decreased the mRNA
levels of tet2/3 and of vegfa significantly in vhl-null zebrafish
(Fig. S17D), suggesting that 2ME2 can effectively block HIF-«
function in zebrafish larvae and embryos. However, as shown
in Fig. S17, E and F, the global 5-hmC levels were still higher in
vhi-null zebrafish compared with their WT siblings. Similarly,
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the global 5-hmC levels were also higher in eg/n3-null zebrafish
compared with their WT siblings (Fig. S17, G—I). These data
indicate that the role of v/l and egln3 in regulating 5hmC levels
in vivo is independent of HIF-a.

Collectively, these data suggest that zebrafish vkl eglnla/b
(phd2), and egln3 (phd3) have functions similar to those in
mammalians in causing the reduction of global 5hmC levels by
mediating tet degradation, which seems to be independent of
the HIF pathway.

Discussion

Global DNA hypomethylation and promoter-specific hyper-
methylation are hallmarks of most cancers (59, 60). Global
hypomethylation promotes genomic instability and cell trans-
formation (61). In particular, it has been reported that global
DNA hypomethylation is also a feature of kidney cancer (62,
63). As a key tumor suppressor gene for kidney cancer, pVHL
has been assessed for its role in genome methylation, though
the results are controversial (64, 65). Through systematic DNA
methylation analysis using prototypical ccRCC cell lines (RCC4
and 786-0), which are VHL-deficient, Ohh and co-workers
(65) have provided evidence to show that gain of pVHL results
in global DNA hypermethylation. These observations are con-
sistent with the observation that global hypomethylation is
common in kidney cancer, particularly in VHL mutated ccRCC
(62, 63). However, the mechanism underlying this phenom-
enon is largely unknown. Here, we determined that pVHL
induces TET proteasomal degradation in vitro and in vivo,
resulting in increased global 5-hmC levels. These findings
might explain, at least in part, why global hypomethylation is
commonly observed in ccRCC.

Because the prolyl hydroxylation of hypoxia-induced factors
(HIF-1a and HIF-2«) is catalyzed by EGLNs (PHDs) under
normoxia and is prerequisite for subsequent pVHL-mediated
proteasomal degradation, the PHD-pVHL pathway is thought
to be a major mechanism underlying the functions of HIF-1«
and HIF-2« in the hypoxia signaling pathway (66—-69). Multiple
additional targets of either VHL or PHDs, or both, have been
identified; however, the mechanism similar to that of VHL and
PHDs in regulating HIF-1ae and HIF-2a has not been eluci-
dated. In most of the cases, prolyl hydroxylation is not required
for pVHL-mediated degradation or inhibition of pVHL’s tar-
gets (5-7, 9, 10). Though PHD2-mediated AKT proline-
hydroxylation is required for pVHL to suppress AKT kinase ac-
tivity, pVHL does not induce AKT proteasomal degradation
(11). ZHX2 has been identified as a VHL target, and its hydrox-
ylation allows VHL to regulate its protein stability, but PHDs
do not appear to be involved in ZHX2 hydroxylation (12). In
addition, specific targets of PHDs have been identified that are
modulated by PHD-catalyzed hydroxylation, but pVHL is not
involved (70-72). In this study, we identified TET proteins as
pVHL's targets and demonstrated that PHD2/PHD3-mediated
prolyl hydroxylation is required for pVHL-induced proteaso-
mal degradation, which is similar to the mechanism by which
PHD-pVHL regulates HIF-« and further extends the role of the
PHD-pVHL pathway, reinforcing the importance of this unique
system for regulating protein stability. Notably, the pattern of
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PHD-pVHL-mediated TET degradation might not be exactly
the same as that of PHD-pVHL on HIF-a. Our results suggest
that the activity of PHD-pVHL on TET2 is very close to that
of PHD-pVHL on HIF-aq, but for TET3, the activity of PHD2
or PHD3 is high enough to catalyze TET3 at very low levels
of oxygen, even under hypoxia (2% O,). In fact, the PHDs
enzymatic activity has been shown to differ under similar
oxygen concentrations for different substrates, such as HIF-
laand HIF-2« (29, 73) (this study). Importantly, we provide
evidence to show that the prolyl hydroxylation is prerequi-
site for pVHL-mediated TET proteasomal degradation,
which suggests a fundamental similarity in the mechanism
of TET and HIF-o. Even though the regulation of TET pro-
tein stability has been investigated, the reports about degra-
dation of TET protein through a classic ubiquitin-protea-
some system are rare. Here, we reveal degradation of TET
proteins through the ubiquitin-proteasome system, opening
a new window for understanding the regulation of TET sta-
bility and global DNA demethylation.

In addition to reducing TET activity, hypoxia has also
been shown to enhance TET expression via HIF-dependent
transactivation of TET1/2/3, even though some data are
inconsistent (15, 19-21, 28, 41). Given a key regulator of
HIF-o, pVHL might also modulate TET expression via HIF-
dependent transcription. In fact, in this study, we showed
that pVHL could affect TET transcription depending on
HIF-a in H1299 cells. However, to what extent this modula-
tion contributes to TET function is still difficult to distin-
guish. As observed in this study, it seemed that the global
5hmC levels were not correlated with TET mRNA levels.
However, we provided multiple lines of evidence to show
that pVHL could modulate TET protein stability independ-
ent of HIF, resulting in changes of global 5ShmC levels. These
data suggest that pVHL can regulate TET at both the tran-
scriptional level and the protein level under certain condi-
tions but that pVHL might mainly act its role on TET func-
tion via modulation of TET at the protein level, which is
independent of the HIF pathway. In zebrafish, similar to vAl,
phd3 could modulate tet expression via HIF-dependent
transcription, but phd3 could also affect global 5hmC levels
independent of the HIF pathway.

Although divergent functions have been reported among
TET1, TET2,and TET3 (27), all TET proteins are thought to
have critical roles in regulating DNA methylation patterns.
Because of a lack of functional antibody against TET1, we
did not analyze the regulation of TET1 by pVHL in detail.
However, based on the conserved structure of TET proteins
and the data obtained in this study, pVHL might have a role
in modulating TET1 that is similar to its role in modulating
TET2 and TET3, with PHD2 and PHD3 as key contributing
factors.

In summary, we identified TET proteins as substrates of
pVHL. Similar to HIF-a proteins, the prolyl hydroxylation of
TET proteins catalyzed by PHD2/3 is prerequisite for pVHL-
mediated proteasomal degradation. These observations not
only extend our knowledge about regulation of DNA methyla-
tion through posttranslational modification of TET proteins
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but also help provide insight into the mechanisms of pVHL in
tumor suppression.

Experimental procedures
Plasmid constructs and mutants

The original WT mouse Tetl, Tet2, and Tet3 were kindly
provided by Guoliang Xu, and their truncated mutants were
constructed by PCR and cloned into the indicated expression
vectors. Mouse PHDI1, PHD2, PHD3, VHL, and zebrafish tet2,
tet3, vhl, eglnla, eginlb, egin3, and their mutants were con-
structed by RT-PCR and cloned into indicated expression vec-
tors. pSuper-VHL-shRNA has been described previously (10).
The target sequence of pSuper-VHL-shRNA is 5-GCCTGA-
GAATTACAGGAGA-3 (9, 10). pCMV-VHL was constructed
by cloning mouse VAl into pCMV-Myc vector (Clontech) at
first, then removing the Myc tag (pCMV-VHL) or replacing it
with a FLAG tag (FLAG-VHL). Because Myc-tagged mouse
Vhl is close to the IgG band, which was difficult for immuno-
precipitation assays, we cloned human VHL into pCMV-Myc
vector (Myc-VHL) for immunoprecipitation assays.

Cell culture and transfection

HEK293T and H1299 cell lines were originally obtained from
ATCC. RCC4 and RCC4-VHL cells were kindly provided by
Peter J. Ratcliffe. They were maintained in DMEM (Biological
Industries) supplemented with 10% FBS (Biological Industries)
at 37°C in a humidified atmosphere incubator containing 5%
CO,. All cell lines were verified to be free of mycoplasma con-
tamination before using. VigoFect (Vigorous Biotechnology,
Beijing, China) was used for cell transfection. MEF cells were
established as described previously (74).

Antibodies and Western blotting analysis

The antibodies used were as follows: anti-FLAG antibody
(F1804; 1:1000; Sigma-Aldrich), anti-c-Myc antibody (9E10;
1:1000; Santa Cruz), anti-HA antibody(1:5000; Covance),
anti-GAPDH antibody (SC-47724; 1:1000; Santa Cruz), anti-
B-actin (sc-47778; 1:2000; Santa Cruz), anti-a-tubulin antibody
(EPR1333; 1:10000; Epitomics), anti-pVHL (1:500; ABclonal),
anti-TET2 antibody (ab94580; 1:500; Abcam), anti-TET3
(ab139805; 1:500; Abcam), anti-PHD2 (catalog no. 4835;
1:500; Cell Signaling Technology), anti-PHD3(ab184714;
1:500; Abcam), anti-HIF-2« antibody (ab199; 1:500; Abcam),
and anti-HIF-la antibody (A6265; 1:500; ABclonal). Anti-
TET2-OH antibody was raised against peptide TVIAP (OH)
IYKKLAP (OH) DAY (Proteingene Technology, Wuhan,
China). Anti-TET3-OH antibody was raised against peptide
DLATEVAP (OH) LYKRLAP (OH) QAYQNQ (Proteingene
Technology, Wuhan, China). Western blotting analysis was
performed as described previously (74). The Fuji Film LAS4000
mini luminescent image analyzer was used for photographing
the blots. Image-Pro Plus and Multi Gauge V3.0 were used for
quantifying the protein levels based on the band density
obtained in Western blotting analysis.
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Quantitative analysis of global 5hmC levels by dot blot
assays

H1299 cells, zebrafish embryos, or larvae were digested with
Proteinase K (400 pg/ml, Roche) in STE buffer (0.2% SDS,
5 mMm EDTA, 100 mm Tris-HCI, pH 8.5, and 200 mm NaCl)
overnight at 55 °C. Next, genomic DNA was isolated using
a standard phenol/chloroform extraction method. Genomic
DNA was vacuum-dried and recovered in 10 mm Tris-HCI,
pH 8.0. After sonication into ~500 bp fragments, the DNA
was denatured with 0.1 M NaOH and 10 mm EDTA at 95°C
for 10 min, then placed on ice and neutralized with an equal
volume of 2 M ammonium acetate, pH 7.0. Nitrocellulose
membranes were washed in 2X SSC buffer, air-dried, and
incubated in 2X SSC buffer at 37 °C for 15 min. The DNA
samples were spotted onto the nitrocellulose membranes
using a Bio-Dot apparatus (Bio-Rad). For DNA cross-link-
ing, the membranes were washed with 2X SSC buffer, air-
dried, and incubated at 80°C for 2 h. Subsequently, the
membranes were blocked with 5% nonfat milk for 2 h and
incubated with anti-5hmC (catalog no. 39769; 1:1000;
Active Motif) overnight at 4 °C. After washing three times in
5% nonfat milk, the membranes were incubated with HRP-
conjugated secondary antibody for 1 h. The membranes
were then washed for three times with 5% nonfat milk and
once with TBS, and were visualized using an enhanced
chemiluminescence detection kit (Millipore). A Fuji Film
LAS4000 mini luminescent image analyzer was used for pho-
tographing the blots.

For quantification of relative 5hmC levels in dot blots, we
used Image-Pro Plus software (Media Cybernetics). Briefly, the
value of dot density in each control was treated as around 1.00,
and the value of each control’s corresponding dot was calcu-
lated by dividing the density of the corresponding dot with its
control’s density.

Immunofluorescent image for 5hmC

Immunofluorescent staining of 5hmC was performed as
described previously with some modifications (75). Briefly, the
cells were plated onto cover slips. After 48 h, the cells were fixed
with 4% paraformaldehyde solution for 15 min at room temper-
ature and then washed with PBS. For permeabilization, the cells
were incubated with 0.5% Triton X-100 in PBS for 15 min at
room temperature. To denature DNA, the cells were incubated
with 4 M HCl for 20 min at room temperature, then rinsed with
distilled water, and placed in 100 mm Tris-HCI, pH 8.5, for 10
min. After washing with PBS with Tween (PBST), nonspecific
binding was blocked with blocking buffer (5% FBS, 0.1% Triton
X-100, and 2 mg/ml BSA in PBS) for 1 h at room temperature.
Then, the cells were incubated with anti-5hmC antibody at
1:500 in PBS solution containing 5% FBS, 0.1% Triton X-100,
and 2 mg/ml BSA overnight at 4.°C. After washing with PBST,
the cells were incubated with secondary antibody (Alexa Fluor
488 goat anti-rabbit IgG, catalog no. A11008) diluted at 1:300
in PBS solution containing 5% FBS, 0.1% Triton X-100, and 2
mg/ml BSA for 1 h at room temperature. The nuclei were coun-
terstained with 4’,6-diamidino-2-phenylindole (1 mg/ml) for
30 min at room temperature. After a final washing with PBST,
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the stained cells were mounted with a mounting medium (cata-
log no. S36967, Thermo Fisher Scientific). The images were
photographed under a laser confocal micro-imaging system.
Image-Pro Plus software (Media Cybernetics) was used for
quantifying the relative 5hmC levels based on immunostaining
density.

In vivo ubiquitination assays

HEK293T cells were cotransfected with the indicated plas-
mids using VigoFect. Before harvesting, the cells were treated
with MG132 (20 um) (Calbiochem) for 8 h. The cell extracts
were incubated with nickel-nitrilotriacetic acid beads (Nova-
gen) for 12 h and then examined by Western blotting analysis
using anti-HA antibody for detecting poly-ubiquitination of
TET2 or TET3, respectively.

Quantitative real-time PCR analysis

The total RNA was extracted from cells using the Trizol rea-
gent (Invitrogen), and the cDNA was synthesized using a First
Strand cDNA Synthesis Kit (Fermentas). The primers used for
RT-PCR analysis are listed in Table S1.

Generation of egin1a/egin1b double-null and egin3-null
zebrafish

Zebrafish eglnla, eglnlb, and egln3 sgRNA were designed
using a website tool (http://crispr.mit.edu). The zebrafish
Codon Optimized Cas9 plasmid was digested with Xbal and
purified and transcribed using the T7 mMessage mMachine
Kit (Ambion). The PUC9 gRNA vector was used for amplifying
the sgRNA template. The target sites for amplifying gRNA are
eginla: 5'-GGATAAAATCACCTGGATTGAG-3'; eglnlb:
5'-GGTCGGACGCAGTATTCTGGAGG-3'; and egln3: 5'-
GGACACGCAGTTGGAGAGTTTGG-3'. sgRNA was syn-
thesized using the Transcript Aid T7 High Yield Transcrip-
tion Kit (Fermentas). The zebrafish (Danio rerio) strain AB
was raised, maintained, reproduced, and staged according to
standard protocol. DNA (Cas9) and mRNA were injected
into embryos at the one-cell stage. Cas9 RNA and sgRNA
were injected at 0.75—-1.25 ng/embryo and 0.075 ng/embryo,
respectively. The mutations were initially detected by heter-
oduplex mobility assay as previously described (76). If the
results were positive, the remaining embryos were raised up
to adulthood as the FO, which were backcrossed with wild-
type zebrafish (AB line) to generate the F1, which were gen-
otyped by heteroduplex mobility assay initially and con-
firmed by sequencing of targeting sites. The heterozygous
F1 were backcrossed to wild-type zebrafish (AB line; none of
their own parents) to obtain F2. The F2 adult zebrafish car-
rying the same mutation were inter-crossed to generate the
F3 offspring, which should contain wild-type (+/+), hetero-
zygote (+/—), and homozygote (—/—) zebrafish. The pri-
mers used for mutant identification are listed in Table S1.

The three novel mutants were named according to zebrafish
nomenclature guidelines: (https://zfin.org/ZDB-ALT-180803-
3): eglnla™b1228/b1228% (\11) (https://zfin.org/ZDB-ALT-
180803-4): egln1h™b122%/ihb1229 (\11) and (https://zfin.org/
ZDB-ALT-180803-5): egln3 12301230 poy 1 hb1228/ihb1 28
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o122/ hb1229 (eglnlaf/ ~/1b~"") double mutants were ob-

ihb1228/ihb1228 (Ml) with e gll’l 1 bihb1229/ihb1229

eginl
tained by crossing eglnla
(M1). Vii~"~ has been described previously (10).

Dot blot assays for validation of anti TET2/3-OH antibody

The peptide solutions were spotted onto nitrocellulose mem-
brane (1 ul). The membranes were dried for 1 h at 37°C and
blocked with 5% nonfat milk—Tris-buffered saline with Tween
at room temperature for 2 h, then incubated with anti-TET2-
OH, anti-TET3-OH, or antibody overnight at 4 °C. After wash-
ing three times with 5% nonfat milk, the membranes were
incubated with HRP-conjugated secondary antibody for 1 h.
Subsequently, the membranes were washed for three times
with 5% nonfat milk and once with TBS and then visualized
using an enhanced chemiluminescence detection kit (Milli-
pore). Fuji Film LAS4000 mini luminescent image analyzer was
used for photographing the blots.

Peptide pull-down assays

Peptide pull-down assays were performed as described previ-
ously with some modifications (11, 55). The biotinylated pep-
tides were synthesized in Bioyeargene Biosciences (Wuhan,
China). Briefly, the peptides (1 ug) were incubated with 1 mg of
cell extracts (1 ml in volume) overnight at 4 °C and then added
to 10 ul of streptavidin agarose (catalog no. 20347, Thermo
Fisher Scientific) for 1 h at 4 °C. The agarose beads were washed
four times with radioimmune precipitation assay buffer. Bound
proteins were eluted by boiling in 1X SDS loading buffer for 5
min and then resolved by SDS-PAGE.

Statistical analysis

Semi-quantitative RT-PCR data are reported as mean * S.D.
of three independent experiments performed in triplicate. The
statistical analysis was performed using GraphPad Prism 5
(unpaired ¢ test) (GraphPad Software Inc.)

Data availability

All data generated during this study are included in this arti-
cle and in the supporting information.
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