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Vernalization is a response to winter cold to initiate flowering in spring. VERNALIZATION INSENSITIVE3 (VIN3) is induced
by winter cold and is essential to vernalization response in Arabidopsis (Arabidopsis thaliana). VIN3 encodes a PHD-finger
domain that binds to modified histones in vitro. An alteration in the binding specificity of the PHD-finger domain of VIN3
results in a hypervernalization response. The hypervernalization response is achieved by increased enrichments of VIN3 and
trimethylation of Histone H3 Lys 27 at the FLC locus without invoking the increased enrichment of Polycomb Repressive
Complex 2. Our result shows that the binding specificity of the PHD-finger domain of VIN3 plays a role in mediating a
proper vernalization response in Arabidopsis.

Some plants need an exposure to winter cold to be
competent to initiate floral transition in the following
spring. This phenomenon is known as vernalization
(Chouard, 1960; Bernier et al., 1981). Vernalization re-
sults in the repression of a floral repressor, FLOWERING
LOCUS C (FLC), in Arabidopsis (Arabidopsis thaliana),
and the stable repression of FLC permits the activa-
tion of downstream floral activators to initiate flow-
ering (Lee et al., 2000; Helliwell et al., 2006; Searle
et al., 2006; Michaels and Amasino, 1999, 2001). The
transcriptional level of FLC is tightly controlled by a
number of chromatin-modifying complexes and there-
fore correlates with various histone modifications
(Amasino and Michaels, 2010; Bratzel and Turck,
2015; Shafiq et al., 2014). Stable changes in histone
modification signatures at FLC chromatin provide
the molecular explanation how the stable nature
of transcriptional repression of FLC is achieved by
vernalization.

Before vernalization, FLC chromatin is enriched with
active histone marks, including trimethylation of His-
tone H3 Lys 4 (H3K4me3) and trimethylation of His-
tone H3 Lys 36 (H3K36me3; Sung et al., 2006; Greb
et al., 2007; Yang et al., 2014). These active histone
marks are generally correlated with active transcription

by RNA Polymerase II (Pol II) (Choi et al., 2011; Barski
et al., 2007) and mediated by activating chromatin-
modifying complexes, including the EFS-H3K4/
H3K36 methyltransferase (Zhao et al., 2005; Kim et al.,
2005; Ko et al., 2010). Upon vernalization, these active
histone marks at FLC chromatin decrease, and the level
of decrease correlates with the level of transcriptional
repression of FLC. On the contrary, the enrichment
of repressive histone marks, such as dimethylation of
Histone H3 Lys 9 (H3K9me2) and trimethylation of
Histone H3 Lys 27 (H3K27me3), increases at FLC
chromatin by vernalization (Kim and Sung, 2013; Sung
and Amasino, 2004; Bastow et al., 2004; Yang et al.,
2014). Other FLC-clade members also undergo similar
changes in their chromatin signatures by vernalization,
contributing to the fine-tuning of vernalization re-
sponse in Arabidopsis (Sheldon et al., 2009; Kim and
Sung, 2013).

A distinct characteristic of vernalization is that
vernalization is a delayed response to temperature
changes. Changes in histone modifications at FLC
chromatin correlate with the level of FLC repression
and occur over an extended period of cold exposure,
usually several weeks (Kim and Sung, 2013). The re-
quirement for an extended period of cold exposure
renders plants able to respond only to winter cold, but
not to temperature fluctuations.

VERNALIZATION INSENSITIVE3 (VIN3) is a pro-
tein only produced during winter cold. The induction
kinetics of VIN3 by cold correlate with the degree of the
vernalization response (Sung and Amasino, 2004). Lit-
tle change of repressive histone marks occur at FLC
chromatin in vin3 mutants during exposure to cold
(Kim and Sung, 2013; Sung and Amasino, 2004). VIN3
forms a complex with Polycomb Repressive Complex
2 (PRC2), which catalyzes trimethylation of H3 Lys-27,
a repressive histone mark, and triggers the stable
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repression of FLC (De Lucia et al., 2008; Wood et al.,
2006). VIN3 is required for the PRC2-mediated H3K27
methylation at FLC and FLC clade (Kim and Sung, 2013;
Sung and Amasino, 2004; De Lucia et al., 2008). VIN3 is a
PHD-finger domain protein that preferentially recognizes
H3K9me2, a repressive histone mark (Kim and Sung,
2013). VIN3 also physically interacts with its related
protein, VIN3-LIKE1 (VIL1)/VERNALIZATION5 (VRN5;
Sung et al., 2006; Greb et al., 2007). VIL1 also biochemically
copurifies with PRC2 core components and contributes to
the vernalization-mediated FLC repression (De Lucia et al.,
2008). Although VIN3 plays an essential role in repression
of FLC during vernalization, in part through the recogni-
tion of a repressive histone mark at FLC chromatin, how
VIN3 coordinates the proper epigenetic switch at FLC in
response to long-term cold is not well understood.
In this report, we found that an altered binding

preference of the PHD-finger domain of VIN3 results in
hypervernalization responses through the enhanced
accumulation of H3K27me3 at FLC chromatin. Our re-
sults suggest that the histone binding property of VIN3

provides another layer of regulatory modes to ensure
proper vernalization response in Arabidopsis.

RESULTS

Altered Binding Preference of VIN3 PHD-Finger Domain
in Vitro

The PHD-finger domain of VIN3 contains two hy-
drophobic aromatic ring residues that form a putative
histone-binding pocket (Figs. 1A; Supplemental Fig.
S1). Most PHD-finger domains that have binding
specificity for trimethylated histone tails contain at least
three hydrophobic residues within the Loop 1 (Fig. 1A).
Computer modeling shows that VIN3-PHD finger do-
main forms a histone binding cage with only two hy-
drophobic aromatic residues that is capable of binding
up to two methylated Lys residues (Fig. 1B). Consistent
with the model, the VIN3-PHD finger domain prefer-
entially binds to dimethylated H3K9 (a repressive
histone mark), although it also exhibits binding to

Figure 1. An alteration in the PHD-finger domain
of VIN3 results in the change in the histone
binding specificity. A, Multiple alignments of
PHD-finger domains between known H3K4me3-
binding PHD-finger domains and VIN3 (AtVIN3).
A modified VIN3, in which Ser at 175 residue is
substituted to Trp residue, is shown at the bottom.
B, Predicted three-dimensional structures of
PHD-finger domain of VIN3WT (wild type) and
VIN3SW (modified). Arrows indicate aromatic
ring residues forming histone binding pockets, and
the asterisk indicates a polar charged Ser-175
residue of VIN3. C, In vitro histone peptides
binding assay using His-tagged recombinant
VIN3WT and VIN3SW proteins. The full list of
synthesized histone peptides used in this study is
described in Supplemental Table S2.
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unmodified histoneH3 and dimethylatedH3K4 in vitro
(Fig. 1C; Kim and Sung, 2013). The majority of PHD
finger proteins recognize an active histone mark,
H3K4me3, via a binding pocketwith three hydrophobic
residues within the PHD-finger domain (Peña et al.,
2006; Shi et al., 2006; Taverna et al., 2006; Matthews
et al., 2007; Musselman and Kutateladze, 2011). How-
ever, the VIN3-PHD finger domain lacks the third hy-
drophobic residue, Trp (W). Instead, the VIN3-PHD
finger domain contains a Ser (Ser-175) residue at the
position of Trp (Fig. 1A). This difference (W→S) is
found in all VIN3 family of proteins in Arabidopsis and
in other plant species (Supplemental Fig. S1). Because
all known H3K4me3 binding PHD-finger domains
contain Trp at the position of VIN3 Ser-175,we substituted
VIN3 Ser-175 to Trp (hereafter referred to VIN3SW; Fig.
1A). A predicted structure of VIN3SW-PHD finger do-
main indicates that the histone binding pocket is capable
of recognizing three methylated Lys residues. (Fig. 1B).
Indeed, in vitro histone peptide binding assays showed
that the binding preference of VIN3SW shifted toward
H3K4me3 (an active histone mark; Fig. 1C). A similar al-
teration in the binding preference is also observed in
VIL1/VRN5-PHD finger domain (Supplemental Fig.
S1B), indicating that the Ser residue is important for
specifying the binding preference of VIN3 family of
proteins. This result shows that a single amino acid
substitution results in a major change of the binding
preference of VIN3-PHD finger domain.

Accelerated Vernalization Response by Altered Histone
Binding Preference of VIN3

Among the components of PRC2 that trigger vernalization-
mediated H3K27 methylation at FLC, VIN3 is the only
component that is induced by cold temperature (De
Lucia et al., 2008; Kim and Sung, 2013). Therefore, it is
reasonable to speculate that ectopic expression of VIN3
would enable a vernalization response without cold, in-
cluding the enrichment of H3K27 methylation at FLC by
PRC2. However, the ectopic expression of VIN3 alone
does not result in any alteration in vernalization response
or FLC expression as determined by flowering time,
although it is capable of complementing vin3 mutants
(Fig. 2; Lee et al., 2015).

H3K4me3 is generally associated with the active
transcription and this modification is enriched at FLC
chromatin prior to vernalization (Pien et al., 2008;
Tamada et al., 2009; Yu and Michaels, 2010; Yang et al.,
2014). The wild-type VIN3 protein does not bind to
H3K4me3 in vitro, and a predicted model indicates that
the wild-type VIN3-PHD finger lacks an essential hy-
drophobic residue to recognize H3K4me3 (Fig. 1, B and
C). Thus, we reasoned that H3K4me3-enriched FLC
chromatinmight interfere with the function of VIN3. To
address the effect of the histone binding preference of
VIN3, we introduced the wild-type VIN3 (hereafter
referred to VIN3WT) and the VIN3SW under the con-
trol of the constitutive 35S promoter into vin3 mutant
background (Fig. 2; Supplemental Fig. S2).We evaluated

the flowering behavior of transgenic lines and non-
transgenic wild-type plants with different periods of
vernalization treatment (Fig. 2). Interestingly, we ob-
served accelerated flowering in VIN3SW transgenic
lines in all tested periods of vernalization treatment
compared to nontransgenic plants (Fig. 2, A and B;
Supplemental Fig. S2C). Furthermore, this accelerated
flowering is observed only in VIN3SW transgenic lines,
but not in VIN3WT transgenic lines (Fig. 2, A and B;
Supplemental Fig. S2C). This is not due to the difference in
the level of expression of transgenes because both trans-
genic lines constitutively express VIN3 at a level up to
100-fold compared to the maximum level of expression
of VIN3 in nontransgenic wild type (Supplemental
Fig. S2, A and B). Similar accelerated flowering was
also observed when the VIN3SW transgene was in-
troduced into wild-type plants, further confirming the
biological effect of the amino acid change (Supplemental
Fig. S3).

We also introduced the wild-type VIL1 (VIL1WT)
and VIL1SW (in which a conserved Ser-102 residue is
substituted with Trp in its PHD-finger domain) trans-
genes driven by the constitutive 35S promoter into vil1
mutants (Fig. 2, A, D, and E; Supplemental Fig. S2).
Although both VIL1WT and VIL1SW can rescue vil1
mutants, none of them shows a significant difference in
flowering time under different periods of vernalization
treatment compared to the wild type (Fig. 2, A, D, and
E). Therefore, the binding preference of the VIL1 PHD
finger does not affect vernalization response. On the
other hand, accelerated flowering observed in VIN3SW
suggests that the binding preference of VIN3 plays roles
in the repression of FLC and proper vernalization
response.

Hyper-Repression of FLC in VIN3SW Transgenic Lines

To determine the molecular basis of accelerated
flowering observed in VIN3SW plants, we evaluated
mRNA expression of FLC during the course of vernal-
ization. The different degrees of more rapid flowering
time over different periods of vernalization treatment
are correlated with the levels of FLC expression in all
plants (Fig. 3). Particularly, FLC mRNA transcripts in
VIN3SW showed significant decreases in all periods of
vernalization treatment relative to the wild type, even
in the absence of vernalization (Fig. 3A). This result
shows that an altered histone binding preference of
VIN3-PHD finger domain is capable of repressing
FLC, regardless of vernalization treatment. However, it
should also be noted that the degree of FLC repression
in VIN3SW without vernalization treatment is not at
the same level as in fully vernalized wild-type plants,
suggesting that other vernalization-specific events
must occur to achieve the full vernalization-mediated
FLC repression.

FLC is a MADS-box transcription factor that directly
represses expressions of floral activators, including
FLOWERING LOCUS T (FT; Amasino and Michaels,
2010; Michaels, 2009; Michaels and Amasino, 1999;
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Figure 2. The hypervernalization response in VIN3SW transgenic lines. A, Accelerated flowering is observed in VIN3SW
transgenic plants in vin3-1FRImutant background in all vernalization time points. NV, Nonvernalized; 20V, 20 d vernalized; 40V,
40 d vernalized. Plants were grown under long-day conditions (16 h light and 8 h dark) after vernalization treatment. B, Flowering
times of two representative homozygous transgenic plants of VIN3SW in vin3-1FRI after various durations of vernalization
treatment. Earlier flowering are indicated by downward arrows and changes in the percentage compared to the wild-type plants
(FRI_Col). C, Flowering times of two representative transgenic plants of VIN3WT in vin3-1FRI after various durations of ver-
nalization treatment. B and C, FRI_Col (wild type) and vin3-1FRI mutants are used as controls for vernalization response. D,
Flowering times of two representative homozygous transgenic plants of VIL1SW in vil1-1FRI after various durations of vernali-
zation treatment. E, Flowering times of two representative homozygous transgenic plants of VIL1WT in vil1-1FRI after various
durations of vernalization treatment. D and E, FRI_Col (wild type) and vil1-1FRI mutants are used as controls for vernalization
response. B to D, Asterisks indicate statistically significant differences in flowering times compared to the wild-type (FRI_Col)
plants. N.S., Not significant (Student’s t test, P , 0.01; n = 12).
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Figure 3. A, The levels of FLC mRNA in FRI_Col (WT) and transgenic plants during vernalization. B, The levels of FT mRNA in
FRI_Col (WT) and transgenic plants during vernalization. C, The levels of FLC clade genes, FLM andMAF2 toMAF5, in FRI_Col
(WT) and transgenic plants during vernalization. Statistically significant changes are indicated by asterisks (Student’s t test,
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Searle et al., 2006). Therefore, we examined the level of
FT over different periods of vernalization treatment
(Fig. 3B). Overall, the levels of FT in all plants show
negative correlations with FLC expression as expected.
Interestingly, FT is hyperexpressed in VIN3SW lines in
all periods of vernalization treatment (Fig. 3B). This is
consistent with observed earlier flowering of VIN3SW
in all periods of vernalization treatment compared to
the wild-type and VIN3WT transgenic plants (Fig. 2B).
VIN3 is also required to repress other FLC clade (FLM
and MAF2 to MAF5) by vernalization through the
PRC2-mediated H3K27 methylation, similar to the FLC
repression by vernalization (Kim and Sung, 2013), and
other FLC clade members also act as floral repressor
through the repression of floral activators (Gu et al.,
2013). Consistent with the role ofVIN3 in the repression
of the FLC clade, the mRNA levels of all FLC clade
members also decreased in VIN3SW over the course of
vernalization treatment (Fig. 3C), contributing to the
higher level of FT in VIN3SW.

Vernalization-Mediated Enrichment of VIN3 at
FLC Chromatin

To address whether the binding preference of VIN3
plays a role in the enrichment of VIN3 at FLC chro-
matin, we measured the levels of VIN3 enrichment
using chromatin immunoprecipitation (ChIP) assay
(Fig. 4, A and B). Although both VIN3WT and VIN3SW
are ectopically overexpressed (Supplemental Fig. S2),
significant enrichment of VIN3 at FLC chromatin is
observed only in VIN3SW transgenic lines without
vernalization. The enrichment of VIN3WT is eventually
observed when plants are vernalized (Fig. 4, A and B).
This result indicates that the native VIN3 is not capable
of enriching at FLC chromatin unless vernalized.
On the other hand, VIN3SW accumulates at FLC

chromatin even in the absence of vernalization treat-
ment. Prior to vernalization, FLC chromatin is en-
riched with H3K4me3 (Supplemental Fig. S4; Yu and
Michaels, 2010; Adrian et al., 2009; Kim and Sung, 2013;
Ding et al., 2013; Li et al., 2016). This suggests that the
H3K4me3 binding of VIN3SW allows the protein to
accumulate at H3K4me3-enriched FLC chromatin and
tomodulate FLC repression. In addition, the lower level
of H3K4me3 enrichment is observed in VIN3SW lines
before vernalization, indicating that the association
of VIN3 protein subsequently reduced the level of
H3K4me3 at FLC chromatin. The wild-type VIN3
eventually accumulates at FLC when plants are ver-
nalized (Supplemental Fig. S4; when the level of
H3K4me3 at FLC chromatin decreases). Therefore, the
wild-type VIN3 may function to monitor the status of

chromatin modifications at FLC and also may contrib-
ute to the demethylation of H3K4me3 at FLC chromatin.

Vernalization-Mediated Enrichment of H3K27me3 and
PRC2 at FLC Chromatin

VIN3 is required for the PRC2-mediated H3K27me3
enrichment at FLC by vernalization and forms a com-
plex with PRC2 (Wood et al., 2006; De Lucia et al., 2008;
Kim and Sung, 2013). First, we tested whether the in-
creased enrichment of VIN3SW can trigger increased
H3K27me3 enrichment at FLC chromatin. The level of
H3K27me3 at FLC chromatin in VIN3SW transgenic
plants is substantially higher than those in wild-type
and VIN3WT plants under all conditions, including
without vernalization (NV; Fig. 4C), suggesting that
the increased enrichment of VIN3 can trigger hyper-
H3K27me3 enrichment at FLC chromatin without ver-
nalization. One simple explanation would be that the
enrichment of VIN3SW triggers the increased enrich-
ment of PRC2, whichmediates trimethylation of H3K27
at FLC chromatin.

PRC2 preoccupies FLC chromatin prior to vernali-
zation, and its association with FLC chromatin in-
creases during and after vernalization, which results in
the increased level of H3K27me3 (De Lucia et al., 2008;
Kim and Sung, 2013). However, the increased level of
H3K27me3 at FLC chromatin in VIN3SW may not be
due to the increased enrichment of PRC2. There is little
difference in the level of enrichment of a core compo-
nent of PRC2, CLF (anH3K27methyltransferase), in the
VIN3SW lines compared to nontransgenic wild type or
VIN3WT, especially without vernalization (Fig. 4D).
Therefore, this result indicates that the increased en-
richment of VIN3 at FLC chromatin is able to enhance
the catalytic activity of PRC2, methylation of H3K27,
at FLC without additional recruitment of the CLF-
containing PRC2.

DISCUSSION

Vernalization is a response to the long-term cold of
winter. Plants have evolved intricate systems to mea-
sure the duration of cold and to monitor other seasonal
changes. The induction of VIN3 itself correlates with
the duration of cold and perhaps functions to ensure
that the vernalization response occurs only from long-
term cold (Sung and Amasino, 2004). It should be noted
that the ectopic expression of VIN3SWand its increased
level of enrichment at FLC do not achieve a “fully”
vernalized state without vernalization, suggesting that
other cold-specific events must occur to achieve the
“full” vernalization response. Natural variation studies

Figure 3. (Continued.)
P, 0.01; n = 3). N.S., Not significant. A to C, PP2A (At1g13320) is used as a control for qRT-PCR analyses. Data (relative levels;
mean6 SD of quantitative RT-PCR; n= 3). NV,Nonvernalized; 20V, 20 d of vernalization; 40V, 40 d of vernalization; 40VT10, 40 d
of vernalization followed by 10 d of normal growth temperature.
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Figure 4. Changes at FLC chromatin during ver-
nalization. A, A schematic representation of ge-
nomic structure of FLC and relative positions
of the primers used in ChIP assays are shown
(P1 to P4). B, The levels of enrichment of VIN3 at
FLC chromatin in FRI_Col (WT), VIN3WT, and
VIN3SW transgenic lines during vernalization.
C, The levels of enrichment of H3K27me3 in
FRI_Col (WT), VIN3WT, and VIN3SW transgenic
lines during vernalization. D, The levels of en-
richment of CLF in FRI_Col (WT), VIN3WT, and
VIN3SW transgenic lines during vernalization. B
to D, Mean 6 SD of quantitative PCR; n = 3.
Statistically significant changes are indicated by
asterisks (Student’s t test, P , 0.01). N.S., Not
significant; NV, nonvernalized; 20V, 20 d of ver-
nalization; 40V, 40 d of vernalization; 40VT10,
40 d of vernalization followed by 10 d of normal
growth temperature. WT, FRI_Col; VIN3SW,
VIN3SW in vin3-1FRI plants; VIN3WT, VIN3WT
in vin3-1FRI.
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identified multiple putative cis-elements within FLC
locus that are necessary tomediate proper vernalization
response (Li et al., 2014; Coustham et al., 2012). In ad-
dition, several noncoding RNAs have been reported to
play roles in vernalization-mediated FLC repression
(Heo and Sung, 2011; Csorba et al., 2014). Therefore, the
vernalization response utilizes multiple regulatory
modes to ensure that vernalization occurs in response
to only prolonged cold of winter and the binding
preference of VIN3-PHD finger also plays an important
role in mediating proper vernalization response
through monitoring the status of FLC chromatin.
Unlike VIN3, the altered histone binding preference

of VIL1 (VIL1SW) does not result in difference in ver-
nalization response. The enrichment of VIL1 at FLC
chromatin by vernalization depends on the presence of
VIN3 (De Lucia et al., 2008). In addition, VIN3 functions
to initiate the repression of FLC by vernalization
(Helliwell et al., 2011), whereas VIL1 ismainly involved
in the maintenance of the repressed state of FLC (Sung
et al., 2006; Greb et al., 2007). Nonetheless, VIL1SW is
still able tomaintain the repressed state of FLC (Figs. 2D
and 3A), suggesting that the histone binding preference
of VIL1 is not critical for the vernalization.
VIN3 protein cannot be enriched at FLC chromatin

when FLC chromatin is enriched with H3K4me3 in
the absence of vernalization treatment. Vernalization-
mediated FLC repression also includes the decrease in
the level of H3K4me3 at FLC chromatin (Sheldon et al.,
2009; Tamada et al., 2009; Kim and Sung, 2013; Yang

et al., 2014). Therefore, the level of H3K4me3 enrich-
ment at FLC chromatin must decrease to allow VIN3-
PRC2 to trigger the methylation of H3K27 upon
vernalization (Fig. 5). There are two classes of puta-
tive histone demethylases known in Arabidopsis, KDM1/
LSD1-type demethylases and JumonjiC-domain-containing
demethylases (Liu et al., 2010). KDM1/LSD1-type
demethylases appear not to function in the vernali-
zation response (Jiang et al., 2007). There are 21
JumonjiC-domain-containing histone demethylases
in Arabidopsis (Lu et al., 2008), and many JumonjiC-
domain-containing histone demethylases have been
reported to function in a number of developmental
programs in Arabidopsis (Luo et al., 2014; Chen
et al., 2011). Whether active demethylation events by
JumonjiC-domain-containing histone demethylases
occur at FLC chromatin by vernalization remains to
be addressed.

VIN3SW increases the enrichment of H3K27me3
without significant increases in the enrichment of CLF-
containing PRC2 (Fig. 4). Similar positive effects of
PHD-finger-containing proteins on the PRC2 activity
have been reported in Drosophila melanogaster and hu-
man (Sarma et al., 2008; Cao et al., 2008). Alternatively,
the reduced level of H3K4me3 may contribute to the
more efficient deposition of H3K27me3, as we observed
the reduced level of H3K4me3 at FLC chromatin in
VIN3SW transgenic lines. Addressing the molecular
nature of the enhancement of H3K27 methylation by
VIN3 will be of importance.

Figure 5. Schematic models describing the
role of VIN3 in vernalization response. A,
Before vernalization, FLC is actively tran-
scribed and enriched with H3K4me3 (ac-
tive) mark. By vernalization, H3K4me3 is
decreased, and H3K27me3 is substantially
increased by VIN3-containing PRC2 com-
plex. B, Before vernalization, VIN3SW is
capable of binding to H3K4me3-enriched
FLC chromatin. VIN3SW protein enhances
the PRC2 activity at FLC chromatin during
vernalization and results in an accelerated
vernalization response.
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Diverse histone-reader domains, including the PHD-
finger domain, have been identified as components of
various chromatin-modifying complexes in eukaryotes
(Musselman and Kutateladze, 2011). In Arabidopsis,
about 80 PHD-finger-domain-containing proteins have
been identified (Lee et al., 2009). However, their roles in
chromatin-modifying activities are largely not known.
In particular, the VIN3 family of proteins is conserved
throughout higher plants and play roles in diverse de-
velopmental programs (Zhao et al., 2010; Wang et al.,
2013). Whether the histone binding preference of PHD-
finger domains of the VIN3 family of proteins in other
plant species functions in a similar manner remains to
be addressed.

CONCLUSION

In this report, we showed that the binding preference
of VIN3 protein itself provides another layer of control
to ensure that the vernalization response occurs only
from long-term cold (Fig. 5). The lack of enrichment of
VIN3WT at FLC without vernalization indicates that
other chromatin-modifying events need to happen at
FLC chromatin for the VIN3 protein to trigger the re-
pression of FLC. The VIN3SW that is capable of the
binding to H3K4me3 is able to repress FLC even in the
absence of vernalization treatment; thus, the removal
of H3K4me3 is a likely event that needs to occur before
the VIN3-containing PRC2 is able to repress FLC by
depositing repressive H3K27me3 marks at FLC by
vernalization. Therefore, the coordinated changes
in multiple regulatory components, including chro-
matin modifications and the induction of histone-
binding proteins and noncoding RNAs, ensure proper
circumstances for the vernalization response. A flurry
of histonemodification changes occurswhen chromatin
undergoes changes in its transcriptional activity. Vari-
ous histone binding proteins in chromatin-modifying
complexes play diverse regulatory roles to coordinate
multiple changes in chromatin modifications. Our
study indicates that the binding specificity of such
histone binding proteins can function to fine-tune the
activity of chromatin-modifying complexes in vivo
through the exclusion of chromatin substrate.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Seedswere germinated on agar plates for 10 d in the short-day condition and
then seedlings were collected or transferred to 4°C for vernalization treatment
under short-day conditions. Vernalization treatments were performed as pre-
viously described (Kim et al., 2010). Flowering time was measured as a rosette
leaf number at a bolting stage under the long-day condition. All plants are in the
Columbia FRIsf2 background (FRI_Col) unless otherwise indicated.

Generation of Transgenic Plants

For VIN3WT-GFP and VIL1WT-GFP transgenic lines, cDNAs were cloned
into the pENTR-D-TOPO cloning vector (Invitrogen). For VIN3SW-GFP and
VIL1SW-GFP transgenic plants, the PCR-based site-specific mutagenesis was
performed to provide point mutations within PHD-finger domain and cloned

into a pENTR-D-TOPO vector. Point mutations were confirmed by sequencing.
The expression cassette of each pENTR clone was transferred into the plant
binary Gateway vector pB7FWG2,0 using LR reaction (Invitrogen). Each con-
struct was transformed into vin3-1FRI, vil1-1FRImutants and/or FRI_Col (wild
type) plants. Each Construct was introduced into Agrobacterium tumefaciens
strain GV3101 and transformed into plants using floral dip methods (Clough
and Bent, 1998). All transgenic lines were selected on selective antibiotic media
and were confirmed by PCR. Flowering time was measured as a rosette leaf
number at the bolting stage of T1 or T3 generation. Stable homozygous T3
transgenic plants were used for molecular experiments.

Real-Time Quantitative RT-PCR Analyses

Total RNA was isolated using Plant RNeasy mini kit (Qiagen) according to
the manufacturer’s instructions. Before reverse transcription reaction, RQ1
DNase (Promega) treatment was performed for 30 min at 37°C to eliminate
contaminated genomic DNA from total RNAs. First-strand cDNA synthesis
was performed using 2 mg of total RNA using the M-MLV system (Promega).
Real-time quantitative RT-PCR was carried out using SYBR green dye reaction
mixture (Thermo Scientific) on a ViiA7 real-time PCR system (Thermo Scien-
tific). Each sample was quantified in triplicates, and the relative transcript level
of each genewas determined by normalization of the resulting expression levels
compared to that of PP2A, as described (Czechowski et al., 2005). For primer
sequences used in real-time RT-PCR analyses, see Supplemental Table S1.

ChIP

Whole seedlings were cross-linked in 1% formaldehyde solution and col-
lected. ChIP assays were performed as previously described (Kim and Sung,
2010). ChIP data were quantified by qPCR, normalized to the internal reference
gene (AG, At4g18960; or PP2A, At1g13320) and then the relative fold changes
were calculated. Values represent the average and SE of three technical repli-
cates from two biological replicates. qPCR reaction was performed using
Maxima SYBR green master mix (Thermo Scientific) in a 384-well PCR plate of
ViiA 7 Real-Time PCR system (Life Technologies). Antibodies used in this study
were anti-H3K27me3 (ab6002; Abcam), anti-H3K4me3 (ab1012; Abcam), anti-
GFP (ab290; Abcam), and anti-CLF (Hyun et al., 2013). Primer sequences used
in ChIP-qPCR are shown in Supplemental Table S1.

Western-Blot Analysis

Total protein was extracted with plant protein extraction buffer (4% SDS,
25 mM Tris-Cl, pH 8.8, 2.5% glycerol, and protease inhibitor cocktail [Roche])
from seedlings. The same amount of total proteins was loaded onto 10% SDS-
PAGE gel and transferred to PVDF blotting membrane (GE Healthcare Life
Science). Anti-GFP (ab290; Abcam) and anti-RPT5 (PW8375-0100; Enzo Life
Sciences) were used for western-blot analyses.

In Vitro Histone Peptide Pull-Down Assay

cDNAsof PHD-finger domains ofVIN3 andVIL1were amplified byRT-PCR
andcloned intopENTR-D-TOPOvector and transferred into apVP13expression
vector (Thao et al., 2004) using LR reaction (Invitrogen). Recombinant proteins
of VIN3 or VIL1 with His-tag were purified using Ni-NTA column (Qiagen).
Biotinylated histone peptides (Millipore; also see Supplemental Table S2) were
used for the histone binding assays. After pull-down, proteins were transferred
using a Mini Transblot electrophoresis transfer cell apparatus (Bio-Rad). His-tag
antibody (Sc-803; Santa Cruz Biotech) was used for the western-blot analysis.

Tertiary Structure Prediction of PHD Domain

The predicted tertiary structure for PHD-finger domains was obtained using
the SWISS-MODEL (http://swissmodel.expasy.org/) that simulates tertiary
structure based on the reported protein structures (Arnold et al., 2006). The
acquired PDB file was graphically visualized using Pymol version 1.4.0 pro-
gram (www.pymol.org).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: NP_200548 (Arabidopsis
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VIN3, AtVIN3, At5g57380), NP_189087 (Arabidopsis VIL1, AtVIL1,
At3g24440), NP_974639 (Arabidopsis VIL2, AtVIL2, At4g30200), NP_179478
(Arabidopsis VIL3, AtVIL3, At2g18880), XP_015639862 (Oryza sativa VIN3,
OsVIN3), XP_013629072 (Brassica oleracea VIN3, BoVIN3), AGU09528 (Arabis
alpina VIN3, AaVIN3), XP_004238003 (Solanum lycopersicum VIN3, SlVIN3),
XP_013727218 (Brassica napus VIN3, BnVIN3) NP_566742 (Arabidopsis ING1,
AT3G24010), NP_974026 (Arabidopsis ING2, At1g54390), NP_937862 (Homo
sapiens ING1 isoform A, HsING1), NP_001555 (H. sapiens ING2 isoform 1,
HsING2), NP_196180 (Arabidopsis AL1,At5g05610),NP_872579 (H. sapiensBPTF,
HsBPTF), and NP_005383 (H. sapiens PHF2).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. PHD-finger domains of VIN3 family proteins.

Supplemental Figure S2. Characterization of VIN3SW, VIN3WT, VIL1SW,
and VIL1WT transgenic lines.

Supplemental Figure S3. The introduction of VIN3SW transgene into
FRI_Col wild-type plants also triggers accelerated flowering.

Supplemental Figure S4. Changes in H3K4me3 at FLC chromatin during
vernalization.

Supplemental Table S1. Oligonucleotide used in this study

Supplemental Table S2. Biotinylated histone peptides used in this study.
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