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Ribosome biogenesis is a fundamental process required for all cellular activities. Histone deacetylases play critical roles in

many biological processes including transcriptional repression and rDNA silencing. However, their function in pre-rRNA

processing remains poorly understood. Here, we discovered a previously uncharacterized role of Arabidopsis thaliana

histone deacetylase HD2C in pre-rRNA processing via both canonical and noncanonical manners. HD2C interacts with

another histone deacetylase HD2B and forms homo- and/or hetero-oligomers in the nucleolus. Depletion of HD2C and HD2B

induces a ribosome-biogenesis deficient phenotype and aberrant accumulation of 18S pre-rRNA intermediates. Our genome-

wide analysis revealed that HD2C binds and represses the expression of key genes involved in ribosome biogenesis. Using

RNA immunoprecipitation and sequencing, we further uncovered a noncanonical mechanism of HD2C directly associating

with pre-rRNA and small nucleolar RNAs to regulate rRNA methylation. Together, this study reveals a multifaceted role of

HD2C in ribosome biogenesis and provides mechanistic insights into how histone deacetylases modulate rRNA maturation at

the transcriptional and posttranscriptional levels.

INTRODUCTION

Ribosomes are molecular machines that translate the genetic
information from mRNA to protein, a key step for all biological
activities. The ribosome is constructed with rRNAs as backbones
and ribosomal proteinsasfillers (DoudnaandRath, 2002). Threeof
the four rRNAs (18S, 5.8S, and 25/28S) are transcribed together
intoasingle rRNAprecursor (pre-rRNA)byRNApolymerase I (Pol I)
in the nucleolus, which are then processed into individual mature
rRNAs (Henras et al., 2015). Impaired rRNA transcription and
processing are often associated with diseases (e.g., cancers) and
other developmental disorders (Byrne, 2009; Higa-Nakamine
et al., 2012; Wang et al., 2015; Goudarzi and Lindström, 2016).

Appropriate rRNA production requires precise regulation of both
ribosomalDNA (rDNA) transcriptionandpre-rRNAprocessing.Of the
hundreds to thousandsof rRNAgenes in yeast andhumangenomes
(Ide et al., 2010), only a subset is actively transcribed (Lawrence and
Pikaard, 2004). The rDNA transcription is highly regulated by tran-
scription factors as well as epigenetic modifications such as DNA
methylation and histone modifications (Grummt and Pikaard, 2003;
GoodfellowandZomerdijk, 2013). After transcription, pre-RNAs
undergosite-specificposttranscriptionalmodificationsmediatedby
small nucleolar RNAs (snoRNAs) and ribonucleoproteins (Ellis et al.,
2010; Bratkovi�c andRogelj, 2014). BoxC/DandboxH/ACAare two
major types of snoRNAs responsible for guiding the 29-hydroxyl ri-
bose methylation (29-O-methylation) and conversion of uridine to

pseudouridine (pseudouridylation) of rRNA, respectively (Bachellerie
et al., 2002). These rRNA modifications ensure proper pre-rRNA
processing and ribosome biogenesis (Lafontaine, 2015). After as-
sembly with ribosomal proteins, the 35S pre-rRNA is cleaved at
specificsitesbyendonucleasesand further trimmedbyexonuclease
to generate mature rRNAs (18S, 5.8S, and 25/28S) (Henras et al.,
2015). The cleavage, trimming, and folding of rRNAs require the
assistance of many ribosomal and nonribosomal proteins and
snoRNAs (Henras et al., 2015).
Epigenetic factors including DNA methylation, histone mod-

ifications, and chromatin remodeling play important roles in rDNA
transcriptionandsilencing(Lawrenceetal.,2004;Earleyetal.,2006;
Pontesetal.,2007;Preussetal.,2008;Pontvianneetal.,2012,2013).
Protein arginine methyltransferases have also been implicated in ri-
bosomebiogenesis inbothplantsandanimals (Bachand,2007;Hang
etal., 2014).Histonedeacetylases (HDACs)areenzymes that remove
acetylgroupsfromhistonesandnon-histoneproteins(Haberlandetal.,
2009).Theyarehighlyconserved ineukaryotesandplaypivotal roles in
diverse biological processes, including gene expression, genome in-
tegrity, development, and diseases (Haberland et al., 2009; Seto and
Yoshida, 2014; Bosch-Presegué and Vaquero, 2015). HDACs have
beenimplicated inbothrDNAtranscriptionandpre-RNAprocessing. In
mammals, HDAC1 is recruited to specific rDNA loci by Nucleolar
Remodeling Complex (NoRC) or transcription factor RUNX2 and
represses rDNA transcription (Zhou et al., 2002; Ali et al., 2012).
NAD(+)-dependent deacetylase SIRT1 represses rDNA transcription
by deacetylating both histones and transcription factors (Salminen
and Kaarniranta, 2009; Yang et al., 2013; Voit et al., 2015). SIRT7
facilitates rRNA transcription by stabilizing Pol I at rDNA loci (Ford
etal.,2006;Tsaietal.,2012,2014).ArecentstudyshowedthatSIRT7
also regulates rRNAmaturation throughdeacetylating a component
of U3 snoRNA complex, U3-55k (Chen et al., 2016a).
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In the flowering plant Arabidopsis thaliana, RPD3-like histone
deacetylase HDA6 is required for the suppression of silenced
rDNA loci (Probst et al., 2004; Earley et al., 2006, 2010; Pontes
et al., 2007; Pontvianne et al., 2013). Besides the conservedRPD3
and SIR proteins, Arabidopsis has an additional plant-specific
HDAC family, termed type-2 HDACs (HD2s), that are phylogeneti-
cally conserved in green plants (Bourque et al., 2016). HD2A re-
presses rDNA transcription in nucleolar dominance (Pontes et al.,
2007). Overexpression of HD2B attenuates pre-rRNA transcription
(Kim et al., 2014). Comparedwith the large amount of studies on the
roles of HDACs in rDNA transcription, little is known about their
functions and underlying mechanism in pre-rRNA processing.

In this study, we identify Arabidopsis HD2C as a regulator of
ribosome biogenesis. HD2C and HD2B form a complex and are
required for normal pre-rRNA processing and ribosome bio-
genesis. Loss-of-function HD2C and HD2B showed ribosome
biogenesis deficiencymorphological phenotypes, suchas narrow
leaves and short roots, and an aberrant accumulation of un-
processed 18S pre-rRNA. Consistent with a functional link be-
tween HD2C and pre-rRNA processing, genome-wide profiling of
HD2C occupancy combined with transcriptome analysis in hd2b

hd2c double mutants revealed that HD2C directly binds and re-
presses the expression of key genes involved in ribosome bio-
genesis. Intriguingly, we found a direct association of HD2C with
pre-rRNA and snoRNAs involved in rRNA methylation. Thus,
HD2C exhibits both the canonical role of repressing gene ex-
pression aswell as the noncanonical actionof binding snoRNAs in
ribosome biogenesis. This study thus reveals a mechanistic
connection between histone deacetylases and pre-rRNA pro-
cessing in plants.

RESULTS

HD2C Binds Promoters of Genes Involved in

Ribosome Biogenesis

Toexplore thebiological functionsofHD2C,wefirstdetermined its
genome-wide occupancy. We performed chromatin immuno-
precipitation followed by sequencing (ChIP-seq) using transgenic
Arabidopsis plants expressing FLAG-tagged HD2C driven by its
native promoter in hd2c mutant background (pHD2C:HD2C-
33FLAG/hd2c, abbreviated toHD2C-FLAG;Supplemental Figure
1). As a control, the same experiments were performed in parallel
with wild-type Col-0. Overall, HD2C is located in gene-rich eu-
chromatin and depleted in transposon-rich heterochromatin
(Figure 1A). Further analysis revealeda total of 1445HD2Cbinding
peaks corresponding to 1923geneswithP<1e-05 (Supplemental
Data Set 1). The majority of the peaks (;81%) were located in
promoter regions (Figures 1B and 1C).

To test the relationship between HD2C binding and gene ex-
pression levels, we divided all Arabidopsis genes evenly into five
groups based on their expression levels and found that actively
expressed genes demonstrated strong enrichment of HD2C
(Figure 1D). Consistent with this, the expression levels of HD2C-
bound genes were significantly higher than the average expres-
sion of all genes (Figure 1E). Furthermore, we noted that HD2C
binding sites were co-enriched with active histone modification

marks, histoneH3 lysine9acetylation (H3K9ac) andH3 lysine4di-
and trimethylation (H3K4me2/3) (Figure 1F). Whenwe overlapped
HD2C-bound genes with H3K4me3-enriched genes, we found
that 1612 out of 1923 HD2C-bound genes (84%) showed
co-enrichment of H3K4me3 (Figure 1G). Interestingly, Gene On-
tology (GO) analysis revealed that the 1923 HD2C-bound genes
were significantly enriched for translation (P = 3.2e-61), ribosomal
biogenesis (P = 1.4e-11), and rRNA processing (P = 1.6e-08;
Figure 1H). In contrast, H3K4me3-enriched genes without sig-
nificant HD2C binding were associated with developmental and
metabolic pathways (Figure 1H). Together, these studies showed
that HD2C is preferentially associated with promoter of genes
involved in ribosome biogenesis pathways.

Depletion of HD2C Induces Genome-Wide

H4K16 Hyperacetylation

HD2C is predicted to be a histone deacetylase, but its substrate(s)
is unknown. To identify the potential histone substrate(s), we
overexpressedGFP-taggedHD2C (HD2C-GFP) under the control
of a 35Spromoter inNicotianabenthamiana leavesandperformed
immunostaining with antibodies against various histone acety-
lation marks (Figure 2A). Of the 257 nuclei overexpressing HD2C-
GFP, 72.7%and 17.5% showed depletion or reduction of histone
H4 lysine 16 acetylation (H4K16ac), respectively (Figure 2B). To
exclude the possibility that the reduction is caused by inefficient
recognition of antibodies, we examined the H4K16ac level of nuclei
without HD2C-GFP expression (control). Approximately 25%of the
control nuclei showed no H4K16ac signals (Figure 2C), much lower
than those nuclei with HD2C-GFP. Overexpression of two other
putative histone deacetylases (HD2B and HDA6) did not cause
significant H4K16ac loss compared with the control (Figure 2C),
suggesting that the depletion of H4K16ac is specific to HD2C
overexpression. We next examined whether HD2C acts on other
histoneacetylationmarksand found thatH4K8acandH3K23acalso
showed a moderate reduction (Figure 2D). There is no noticeable
change of H3K9ac when HD2C is overexpressed (Figure 2D).
To further test whether HD2C regulates H4K16ac levels in

Arabidopsis, we performed immunoblots with H4K16ac antibody
in the hd2c mutant. As a further confirmation, we generated
HD2C-GFP overexpression transgenic Arabidopsis plants to
measure their H4K16ac levels. We found a slight increase of
H4K16ac inhd2candasmall decreaseofH4K16ac inHD2C-GFP
plants (Figure 2E). Taken together, these data suggest that loss-
of-function HD2C induces H4K16 hyperacetylation in vivo.
To precisely determine where hyperacetylation occurs, we

performed H4K16ac ChIP-seq in an hd2c null mutant. We iden-
tified 1130 peaks corresponding to 1176 genes showing in-
creasedH4K16ac in hd2c comparedwith thewild type (P < 1e-05;
Supplemental Data Set 2A). Consistent with our previous study
showing that H4K16ac marks are abundant at transcription start
sites (TSS) and the 200-bp downstream regions (Lu et al., 2015),
we found that 960 hyperacetylated peaks (85%) are located
around the TSS (Figures 3A and 3B). Genes with increased
H4K16ac in hd2c are co-enriched with active histone marks
(H3K4me3 and H3K4me2) but not repressive marks (H3K27me3)
(Figure 3C), consistent with HD2C-bound genes (Figure 1F).
Similar to HD2C-bound genes (Figure 1H), GO analysis of hd2c
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Figure 1. HD2C Binds Promoters of Active Genes Involved in Ribosome Biogenesis.

(A)Chromosomal viewofHD2Cbinding.Theyaxis represents the log2valueofHD2CChIP-seq reads relative to thoseofuntaggedwild-typecontrol;Chr1 to
Chr5 represent five chromosomes; black triangles indicate positions of centromeres.
(B) Genomic distribution of HD2C binding peaks.
(C) Representative snapshots of HD2C binding to gene promoters.
(D)Metaplots of HD2C ChIP-seq reads over genes. All Arabidopsis genes were divided evenly into five groups based on their expression level in the wild
type. Top 20% indicates the 20% genes with highest expression level, and 81 to 100% indicates the 20% genes with lowest expression level. The y axis
represents the log2 value of HD2C-FLAG ChIP-seq reads relative to those of untagged wild-type control.
(E) Box plot of expression levels of genes bound by HD2C and all genes in the genome.
(F)Metaplots of histonemodification levels overHD2Cbindingpeaks.Blackbar in the xaxis represents theHD2Cbindingpeaks; yaxis represents the levels
of histone modifications normalized with H3; 22K and +2K represent 2 kb upstream and downstream of HD2C binding peaks, respectively.
(G) Venn diagram of overlap between HD2C-bound genes and H3K4me3-enriched genes.
(H) Heat maps of HD2C-bound genes and H3K4me3-enriched genes and their functional enrichment. TSS, transcription start site; TTS, transcription
terminal site. 22K and +2K represent 2 kb upstream of TSS and 2 kb downstream of transcription terminal site, respectively.
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hyperacetylated genes showed significant enrichment in ribo-
some biogenesis (P = 6.4e-10), rRNA modification (P = 1.1e-08),
and rRNA processing (P = 1.6e-08; Figure 3D).

To further illustrate the relationship between HD2C binding
and increased acetylation, we compared HD2C-bound genes
with hyperacetylated genes in hd2c. We found that 111 out of
1923 (;5.8%)HD2C-boundgenesshowed increasedH4K16ac in
hd2c (Fisher’s exact test, P = 6.2e-04; Figures 3E and 3F;
Supplemental Data Set 2B). We further validated the H4K16 hy-
peracetylation at some loci by ChIP-qPCR. Seven of nine targets
showedsignificant increasedH4K16ac inhd2ccomparedwith the
wild type (Figure 3G). Interestingly, the 111 genes with HD2C
binding and H4K16 hyperacetylation in hd2c were enriched in
ribosomebiogenesis and rRNAmodificationpathways (Figure3H;
Supplemental Figure 2), further suggesting a function of HD2C in
ribosome biogenesis pathways.

HD2C Interacts with HD2B and Forms a Homo-Oligomer

Histone deacetylases often function in collaboration with other
proteins (Yang and Seto, 2003). To identify HD2C interacting

proteins, we performed immunoprecipitation followed by mass
spectrometry analysis (IP-MS) using HD2C-FLAG, the same
transgenic lines used for ChIP-seq. The same experiments were
performed in Col-0 wild type as a control. We obtained 24 and
19 unique peptides covering 64% and 55% of the HD2C protein
sequence in twobiologically replicated IP-MSexperiments (Figure
4A; Supplemental Data Set 3). Consistent with a previous study,
we identified histones (H3 and H4) and HD2A (Buszewicz et al.,
2016). Interestingly, we observed copurification of other HD2
members (HD2BandHD2D) (Figure4A).BothHD2AandHD2Bare
reported to regulate rRNA transcription (Pontes et al., 2007; Kim
etal., 2014).Given thatHD2Bwas themostabundant inour IP-MS,
wedecided toconfirm theHD2C-HD2B interaction.Wegenerated
transgenic Arabidopsis expressing FLAG-tagged HD2B driven by
its native promoter in the wild-type background (HD2B-FLAG;
Supplemental Figure 3A) andcrossedwithArabidopsis expressing
HA-taggedHD2Cdrivenbythenativepromoter inhd2c (HD2C-HA).
We then performed coimmunoprecipitation (co-IP) in F1 plants and
found that HD2C copurified with HD2B (Figure 4B).
HD2B was previously shown to form a homopentamer in vitro

(Edlich-Muth et al., 2015). Given the high similarity of HD2C and

Figure 2. Overexpression of HD2C Results in H4K16 Hypoacetylation in N. benthamiana.

(A) Schematic diagram of detecting HD2C-induced histone acetylation change in N. benthamiana.
(B) Immunostaining with H4K16ac antibody in nuclei overexpressing HD2C-GFP. Arrows represent the transfected nuclei expressing HD2C-GFP. Bar =
10 mm.
(C)QuantificationofH4K16ac immunostainingperformedwithHD2C-GFP,HD2B-GFP, andHDA6-GFP.Numbers at the top represent thenumberof nuclei
counted for each experiment.
(D) Quantification of immunostaining performed with HD2C-GFP with other histone acetylation antibodies. Numbers at the top represent the number of
nuclei counted for each experiment.
(E)Detectionof histoneacetylation levels inhd2cmutant andHD2Coverexpression (HD2C-GFP) plantsby immunoblots.Numbers represent averageband
intensity of five technical immunoblot repeats (mean 6 SD) normalized to H4.
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HD2B in amino acid sequences (Supplemental Figure 3B), we
hypothesized that HD2C forms a homo-oligomer. To test this, we
coinfiltrated HD2C-FLAG and HD2C-HA into N. benthamiana

leaves and performed co-IP. HD2C-HA copurified with HD2C-
FLAG (Figure 4C), suggesting that HD2C forms a homo-oligomer.
Consistent with a previous study (Edlich-Muth et al., 2015), HD2B
could also form a homo-oligomer, as shown by our co-IP ex-
periments (Figure 4D). These results suggest that HD2C and
HD2B form hetero- and/or homo-oligomer in vivo.

TheHD2proteinsshareaconservedN-terminal nucleoplasmin-
like (NPL) domain (Supplemental Figure 3B) predicted to be
a catalytic domain (Bourque et al., 2016). The conserved first five

residues (MEFWG), the histidine at position 25 (H25), and the
aspartic/glutamic acid at position 69 (D/E69) are critical to the
deacetylation activity (indicated with square and asterisks in
Supplemental Figure 3B) (Zhou et al., 2004). To test whether these
residuesare also important for homo-or hetero-oligomerization of
HD2 proteins, we generated GFP-tagged HD2C with deletion of
the EFWG motif [HD2C(DN)-GFP], or double mutations of H25A
andE69A [HD2C(HE)-GFP], and thenperformedco-IPwithHD2B-
FLAG andHD2C-FLAG inN. benthamiana leaves. The absence of
MEFWG disrupted the HD2B-HD2C interaction, but not the
HD2C-HD2C interaction (Figures 4E and 4F), suggesting that the
MEFWG motif is important for hetero-oligomerization but not

Figure 3. Depletion of HD2C Results in H4K16ac Hyperacetylation at Ribosomal Genes in Arabidopsis.

(A)Genomic distribution ofH4K16hyperacetylatedpeaks inhd2c. TSS-200bp represents transcription start site and its 200bpdownstream region; 200bp-
TTS represents the rest gene region and transcription terminal site.
(B)Metaplots of H4K16ac over genes in the wild type and hd2c. TSS, transcription start site; TTS, transcription terminal site.22K and +2K represent 2 kb
upstreamofTSSand2kbdownstreamofTTS, respectively. yaxis represents the log2valueofH4K16acChIP-seq readsnormalizedwithH3ChIP-seq reads.
(C)Metaplotsof histonemarksonH4K16ac increasedgenes inhd2c.yaxis represents log2valuesChIP-seq readsof histonemarksnormalizedwith thoseof
H3.
(D) GO analysis of genes with increased H4K16ac in hd2c.
(E) Venn diagram of HD2C-bound genes and H4K16ac increased genes in hd2c. P value was calculated with Fisher’s exact test.
(F) Representative snapshots of HD2C occupancy and H4K16ac levels over genes selected from the overlapped group in (E).
(G)Validation of H4K16 hyperacetylation at genes selected from the overlapped group in (E). ChIP-qPCR valuewas normalizedwith input and then thewild
type was set as 1. Data are represented as mean6 SD with two biological replicates. Two loci (AT5G39850 and AT2G40010) that did not show increased
H4K16ac in hd2c and a transposon TA3 were used as negative control. Student’s t test, *P < 0.05, **P < 0.01, and ***P < 0.001.
(H) GO analysis of genes showed both HD2C binding and increased H4K16ac in hd2c.
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homo-oligomerization. In contrast, the H25A E69A mutation of
HD2C has no obvious effect on either HD2C-HD2B or HD2C-
HD2C interactions (Figures 4E and 4F).

Depletion of HD2C and HD2B Causes Ribosome-Related

Developmental Pleiotropy

The aforementioned observations prompted us to investigate
whether HD2C and HD2B act together in ribosome biogenesis
pathways in vivo. To test this idea, we generated an hd2bmutant
by CRISPR-Cas9 (Xie et al., 2015) because the available hd2b

T-DNA insertion alleles are not null mutants. A single “T” nucle-
otide insertion between positions 5 and 6 in the second exon of
HD2B was created. This insertion resulted in a frame shift and
translation termination at position 15 (Figure 5A). In Arabidopsis,
aberrant ribosomal processing is associated with multiple ab-
normalities, with leaf developmental defects being the most
prominent (Van Lijsebettens et al., 1994; Ito et al., 2000; Weijers
et al., 2001; Byrne, 2009; Abbasi et al., 2010; Hang et al., 2014;
Weis et al., 2015). To determine the function ofHD2CandHD2B in
ribosome biogenesis, we examined the first two true leaves of
hd2c and hd2b and noted that both hd2c and hd2b exhibited

narrow and pointed leaves compared with the round and regular
shape of wild-type leaves (Figure 5B). In addition, the roots of the
hd2c and hd2b mutants were significantly shorter than those of
wild type (Figure 5C). To test whether HD2C and HD2B act to-
gether to regulate the leaf and root development, we generated
hd2b hd2c double mutant (Supplemental Figure 4A) and found
that hd2b hd2c double mutants displayed an additive effect of
narrow leaves and short roots compared with either of the single
mutant (Figures 5B and 5C). To further confirm that the phenotypic
defects were caused by hd2c and hd2b mutation, we transformed
HD2C-FLAG or HD2B-FLAG driven by the respective native pro-
moters into thehd2bhd2cdoublemutant (Supplemental Figure4B).
As expected, HD2C and HD2B rescued the leaf and root de-
velopmental defects of hd2b hd2c to respective single mutant
(Figures 5B and 5C), suggesting that HD2C and HD2B are indeed
functional and required for normal leaf and root development.

HD2C and HD2B Directly Repress Genes Involved in

Ribosome Biogenesis

Togain further insights intoHD2CandHD2Baction,weperformed
mRNA sequencing in wild type and hd2b hd2c double mutants

Figure 4. HD2C Interacts with HD2B and Forms Homo-Oligomer.

(A) List of partial proteins copurified with HD2C-FLAG. “Unique peptides” indicates the number of identified peptides that are mapped to only one protein.
“Coverage” indicates the percentage of the protein covered by unique peptides identified in this experiment.
(B) Co-IP of HD2C and HD2B using Arabidopsis F1 plants expressing both HD2C-HA and HD2B-FLAG.
(C) Co-IP of HD2C-FLAG and HD2C-HA in N. benthamiana.
(D) Co-IP of HD2B-FLAG and HD2B-HA in N. benthamiana.
(E) Co-IP between GFP tagged HD2C mutants and wild-type HD2B-FLAG in N. benthamiana.
(F) Co-IP between GFP tagged HD2C mutants and wild-type HD2C-FLAG in N. benthamiana.
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with two biological replicates (Figure 6A). We identified 1659 sig-
nificantly upregulated and 1400 downregulated genes (P < 0.05) in
hd2b hd2c (Figure 6B; Supplemental Data Set 4). GO analysis re-
vealed that the upregulated genes show significant enrichment in
translation (P = 5.2e-73) and ribosome biogenesis (P = 3.1e-45),
while downregulated genes are enriched in defense and stress
responses (Figure 6C). Interestingly, when we compared our RNA-
seqwith the transcriptomedata of a key rRNAprocessing regulator
APUM23 (Abbasi et al., 2010), we found that 33 out of 42 upregu-
lated ribosome-related genes in apum23 were also significantly
upregulated inhd2bhd2c (Figure 6D).We further validated thisdata
by randomlyselected5outof the33genesbyRT-qPCR (Figure6E).
Consistentwith the geneexpression change, apum23also showed
narrow leaves and short roots (Abbasi et al., 2010). These results
suggest that HD2C and HD2B play important roles in ribosome
biogenesis.

To determine whether HD2C directly represses gene ex-
pression, we overlapped HD2C-bound genes with hd2b hd2c

upregulatedgenesand found140out of 1659upregulatedgenes
showed HD2C enrichment (Figure 6F). This is more than ex-
pected by chance (Fisher’s exact test, P = 0.006). As a control,
we randomly picked 1659 genes in the Arabidopsis genome,

shuffled 10,000 times, and found an average of 110 overlapped
with HD2C-bound genes (Figure 6G), significantly less than we
observed. Within these 140 genes showing HD2C binding and
upregulation in hd2b hd2c, we noted genes encoding ribosomal
proteins, snoRNA binding proteins, and other known rRNA
processing regulators (Figure 6H; Supplemental Table 1). To test
whether HD2B binds the same genes as HD2C, we performed
HD2B ChIP-qPCR on 10 ribosome-related HD2C targets and
found that HD2B was also enriched on nine of them (Figure 6I).
Together, these data suggest that HD2C and HD2B regulate
ribosome biogenesis by directly repressing key ribosomal pro-
teins and biogenesis factors.

HD2C and HD2B Promote Pre-rRNA Processing

In eukaryotes, two key steps in ribosome biogenesis are pre-
rRNA transcription and processing (Woolford and Baserga,
2013;Henras et al., 2015;Weis et al., 2015). To elucidatewhether
HD2C and HD2B participate in these steps, we first assessed
whether HD2C and HD2B affect rRNA transcript levels. With
a primer detecting both intermediates and mature rRNA (Figure
7A), wedid not observe significant changeof rRNAabundance in

Figure 5. Depletion of HD2C and HD2B Causes Ribosome-Related Developmental Pleiotropy.

(A) Schematic diagram of loss-of-function hd2b mutant generated with a CRISPR-cas9 system.
(B) Length/width ratio of the first two true leaves of the wild type, hd2b, hd2c, hd2b hd2c double mutant, HD2B-FLAG/hd2b hd2c, and HD2C-FLAG/hd2b
hd2c. Data are represented as mean 6 SD with at least 30 leaves. Student’s t test, ** P < 0.01 and ***P < 0.001.
(C) Root length of plants in (A). Data are represented as mean 6 SD with at least 20 plants. Student’s t test, **P < 0.01 and ***P < 0.001.
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Figure 6. HD2C and HD2B Directly Repress Expression of Ribosome Biogenesis-Related Genes.

(A) Scatterplots for two RNA-seq biological replicates of the wild type and hd2b hd2c. Expression level was calculated by log10 (FPKM+1).
(B) Scatterplot of differentially expressed genes in hd2b hd2c double mutant. Red dots and blue dots represent upregulated and downregulated genes,
respectively. x axis represents the expression level of genes in the wild type by calculating log10 value of FPKM+1. y axis represents the log2 value of gene
expression level in hd2b hd2c relative to the wild type. FPKM, fragments per kilobase of transcript per million mapped reads.
(C) Heat maps of differentially expressed genes in two biological replicates of the wild type and hd2b hd2c and their functional enrichment. Color bar
indicates the Z-score. Rep1 and Rep2 represent two replicates.
(D) Venn diagram of ribosome biogenesis genes upregulated in apum23 and hd2b hd2c.
(E) RT-qPCR validation of upregulation of overlapped genes in (D). y axis represents the relative expression level to the wild type. Data are represented as
mean 6 SD from two biological replicates. Student’s t test, *P < 0.05 and **P < 0.01.
(F) Venn diagram of HD2C-bound genes and upregulated genes in hd2b hd2c. P value was calculated with Fisher’s exact test.
(G) Relative enrichments of the observed number of overlapped genes between HD2C binding and upregulation in hd2b hd2c compared with the average
overlapped genes by 10,000 genome-shuffling experiments.
(H) Heat maps of expression of ribosome biogenesis genes identified from the 140 genes in (F) in thewild type and hd2b hd2c. Color bar indicates the Z-score.
(I)ChIP-qPCRvalidationofHD2BandHD2Cassociationwith ribosomebiogenesisgenesselected fromoverlappedgenes in (F).Dataarerepresentedasmean6SD

from two biological replicates. Student’s t test, *P < 0.05, **P <0 .01, and ***P < 0.001. Transposable element TA3 served as a negative control.
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hd2c, hd2b, or hd2b hd2cmutants (Figure 7B). Previous studies
have shown that there are four major pre-rRNA transcript var-
iants and some of them are repressed during development by
HDA6 (Pontvianne et al., 2010; Mohannath et al., 2016). To test
whether HD2C and HD2B are also involved in repressing pre-
rRNA variants, we examined their transcript levels in hd2b hd2c

double mutant. Unlike HDA6, we did not observe notable
changes of transcript levels of these variants in hd2b hd2c

compared with the wild type (Figure 7C), suggesting that HD2C
and HD2B are not involved in rRNA silencing. We next in-
vestigated the rRNA processing by performing RNA gel blots to
detect steady state levels of pre-rRNA intermediates. The three
mature rRNAs (18S, 5.8S, and 25S) are transcribed as a single
transcript with two internal transcribed spacers (ITS1 and ITS2)
and two external transcribed spacers (59ETS and 39ETS) (Figure
7A). As used previously (Abbasi et al., 2010; Hang et al., 2014),
probe 1 in the 59ETSwas able to detect both 35S and18Sbut not
27S and 7S precursors. Probe 2 in ITS1 could distinguish from
Probe 1 by recognizing both P-A3 and 18S-A2/3 (Figure 7A). We

found modestly increased levels of P-A3 fragment in hd2c or
hd2b comparedwith thewild type (Figure 7D). The aberrant P-A3
accumulation is greater in hd2b hd2c double mutant than any of
the single mutant (Figure 7D). Additionally, we found that 7S, the
downstream product of 27SA/B, is slightly increased in hd2c,
hd2b, and hd2b hd2c mutants as detected by Probe 3 (Figures
7Aand7D). Notably, all these pre-rRNAprocessingdefectswere
restored to the corresponding single mutant level when in-
troducing either HD2C or HD2B back to hd2b hd2c double
mutants (Figure 7D).
To further confirm the RNA gel blot, we mapped the precise

ends of the aberrantly accumulated fragment in hd2b hd2c

double mutant by circular RT-PCR. Pre-rRNA intermediates
were circularized and reverse transcribed with an 18S specific
primer, which were further amplified and cloned into a plasmid
for sequencing (Figure 7E). Consistentwith theRNAgel blot, we
observed overaccumulation of pre-18S rRNA intermediates
containing 561 bp of 59ETS and 191 bp of ITS1 in hd2b hd2c

(Figure 7E; Supplemental Figure 5), which is exactly the same

Figure 7. HD2C and HD2B Promote Pre-18S rRNA Processing.

(A)Schematic diagramof rRNA transcription andprocessing inArabidopsis. Bidirectional arrow represents thepositionof theprimer used in (B). Probes1 to
3 represent the positions of the probes used in (D).
(B) RT-qPCR of total rRNA abundance in the wild type, hd2b, hd2c, and hd2b hd2c double mutant. y axis represents the relative transcript level.
(C) RT-PCR detection of four major rRNA transcripts in the wild type, hd2b hd2c, and hda6 in different stages of plants.
(D) RNA gel blots with probes listed in (A). Ethidium bromide staining of mature rRNA as a loading control. Numbers besides the band indicate the relative
density of the bands normalized to the loading control.
(E) Circularized RT-PCR for pre-18S rRNA in the wild type and hd2b hd2c. RT was performed with 18S rRNA-specific primer toward 59ETS. The joint end
between 59 and 39 of 18S rRNAwas amplified in thewild type and hd2b hd2c. Themost abundant band in hd2b hd2c comparedwith thewild type (indicated
with an asterisk) was cloned into plasmid and sequenced. ACTIN served as an internal control.
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as known P-A3 fragment (Sáez-Vasquez et al., 2004; Sikorski
et al., 2015). Together, these results suggest that HD2C and
HD2B play important roles in proper pre-rRNA processing.

HD2C Is Associated with Pre-rRNA and SnoRNAs

Given the role of HD2C and HD2B in pre-rRNA processing, we
performed immunostaining to determine the HD2C and HD2B
localization using transgenic Arabidopsis expressing HD2C-HA
and HD2B-HA driven by their native promoters. Both HD2C and
HD2B located in the nucleolus, as indicatedby their colocalization
with the nucleolar marker protein Fibrillarin (Figure 8A).

We next asked whether HD2C and HD2B directly bind rRNAs.
We first performed an in vitro pull-down assay with GST-tagged
HD2C and HD2B purified from Escherichia coli. HDA6, HD2A,

and HD2D were used as controls. Interestingly, only HD2C and
HD2B, but not HDA6, HD2A, or HD2D, pulled down rRNAs
(Figure 8B). To further confirm the rRNA binding ability of HD2C
in vivo, we performed RNA immunoprecipitation followed by
sequencing (RIP-seq) in HD2C-FLAG and wild-type plants. We
first aligned the total reads to rRNA sequences and found that the
majority of HD2C-associated RNA reads (;78%, compared with
;25% in the wild type) were indeed aligned to the transcribed re-
gions of rDNA (Figure 8C), suggesting that HD2C binds to nascent
pre-rRNA. Tomap the precise location of HD2C binding, we plotted
HD2CRIP-seq readsover rRNAsand found thatHD2Cpreferentially
binds59ETSof18S,entire5.8S, tworegionsof25S,andthe39endof
25SrRNAs(Figure8D).Thisbindingpatternwasfurtherconfirmedby
RIP-qPCR (Figure 8E). As a control, we aligned reads to 5S rRNA
(transcribed by RNA polymerase III) and did not note significant

Figure 8. HD2C Is Associated with Pre-rRNAs and SnoRNAs.

(A) Immunostaining for protein localization of HD2C and HD2B. Fibrillarin was used as a nucleolar marker.
(B) InvitroRNApull-downassayofHD2CandHD2B.Bands in “GSTWB” indicate immunoblotsofGST-taggedprotein.Bands in “InputRNA”and “Pull down
RNA” indicate ethidium bromide staining of rRNA.
(C)DistributionofRIP-seq readsofHD2Cand thewild type. rRNArepresents the readsmapped to rRNAsequence, andnon-rRNA represents readsmapped
to other RNAs except rRNA.
(D) HD2C binding peaks on rRNA precursor. y axis represents the log2 value of HD2C RIP-seq normalized with the wild type.
(E) RIP-qPCR confirmation of HD2C binding on rRNA. ACTIN served as a control.
(F) Histogram of frequency distribution of HD2C enrichment ratio on RNAs. ER, enrichment ratio.
(G) Metaplots of HD2C enrichment on HD2C-bound RNAs. y axis represents the read density of RIP-seq. Student’s t test, ***P < 0.001.
(H)Boxplots show theabundanceofHD2C-boundRNAsandaverageof all RNAs. yaxis represents the log10valueofFPKM+1.Student’s t test, ***P<0.001.
(I) GO analysis of HD2C-bound RNAs.
(J) Snapshot of HD2C binding peaks on U14 snoRNA cluster RNA transcript.
(K) RIP-qPCR validation of HD2C binding on U14 snoRNA. N.D., not detected.
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enrichment of HD2C (Supplemental Figure 6A), suggesting that
HD2C specifically binds 18S, 5.8S, and 25S rRNAs.

Besides rRNAs, 14% of HD2C RIP-seq reads were mapped
to other RNAs including mRNAs and noncoding RNAs
(Supplemental Data Set 5A). To identify the HD2C-associated
RNAs, we defined an enrichment ratio for each RNA transcript by
normalizing the mapped reads of HD2C to the wild type (Lu et al.,
2014). With the cutoff enrichment ratio of >3, we identified
1515 RNAs with significant HD2C enrichment (P < 0.05) (Figures
8F and 8G; Supplemental Data Set 5A). Overall, HD2C-bound
RNAs were more abundant than the average of total RNAs
(Figure 8H). Among the HD2C-associated RNAs, RNAs impli-
cated in ribosome biogenesis, rRNA modification, and rRNA
processing were enriched (Figure 8I). Interestingly, we identified
a total of 24 snoRNAs comprising both box C/D and box H/ACA
snoRNAs that guide rRNA methylation and pseudouridylation,
respectively (Bachellerie et al., 2002; Bratkovi�c and Rogelj,
2014). Strikingly, 21 out of 24 HD2C-bound snoRNAs belong to
C/D box class (Supplemental Data Set 5B and Supplemental
Figure 6B), suggesting that HD2C may play a role in rRNA
methylation. To test this idea, we measured and compared the
methylation level of rRNA between the wild type and hd2b hd2c

mutant using the feature that reverse transcriptasepauses or stops
at the methylated sites in low concentration of deoxynucleotide

(dNTP), but not in high dNTP (Dong et al., 2012). The methylation
level was calculated by normalizingRT-qPCR value of low dNTP to
high dNTP (Figure 9A). We performed RT-qPCR with the primers
specific to 18S and 25S rRNA and found a decreased amplification
specifically at P1 and P3 regions in hd2b hd2cmutant (Figure 9B),
suggesting that certain nucleotide(s) within P1 and P3 regions of
18S and 25S rRNA gain methylation in the absence of HD2C and
HD2B.
To further confirm these results, we performed RT-PCR with

RNA treated with alkaline (Figure 9C). The RNA hydrolysis by
alkaline is impaired by RNA methylation, which allows us to
quantify the relative RNA methylation level (Kiss-László et al.,
1996). By normalizing to the untreated RNA, we found higher
amplification in P1 and P3 regions in hd2b hd2c (Figure 9D),
suggesting an increased RNA methylation level in hd2b hd2c

compared with the wild type.
To dissect the respective roles of HD2C and HD2B in RNA

methylation, we examined the RNA methylation change in hd2c

and hd2b single mutant with low dNTPmethod. We found similar
amplification level betweensingle anddoublemutants (Figure 9E),
suggesting that RNA methylation is similarly affected in hd2c,
hd2b, and hd2c hd2bmutants. Taken together, HD2C and HD2B
may regulate pre-rRNA processing through snoRNA-mediated
rRNA methylation.

Figure 9. HD2C and HD2B Repress RNA Methylation.

(A) Schema diagram of RNA methylation assay using low dNTP method.
(B)RT-qPCRamplificationwith18Sand25SrRNAspecificprimers in thewild typeandhd2bhd2cdoublemutantusingmethodpresented in (A). Lowervalue
indicates higher methylation level.
(C) Schema diagram of RNA methylation assay using alkaline hydrolysis method.
(D) RT-qPCR amplification with 18S and 25S rRNA specific primers in the wild type and hd2b hd2c double mutant using method presented in (C). Higher
value indicates higher methylation level. Primer positions were shown in (B).
(E) RT-qPCR amplification with 18S rRNA specific primer in the wild type, hd2b and hd2c single mutants, and hd2b hd2c double mutant using method
presented in (A). Lower value indicates higher methylation level. Primer position was shown in (B).
All data are represented as mean 6 SD with at least four biological replicates. Student’s t test, *P < 0.05, **P < 0.01, and ***P < 0.001.
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DISCUSSION

In this study, we provided multiple lines of evidence for a role of
Arabidopsis HD2C and HD2B in ribosome biogenesis. HD2C and
HD2B form a complex and promote pre-rRNA processing in ca-
nonical and noncanonical manners. On the one hand, HD2C and
HD2B directly bind and repress the expression of key genes re-
quired for ribosome biogenesis, including ribosome biogenesis
proteins (e.g., PRMT3andNUC1) andsnoRNAs (e.g.,U14).On the
other hand, HD2C and HD2B are associated with pre-rRNA and
snoRNAs to regulate rRNA modifications (e.g., methylation) and
pre-rRNA processing (Figure 10).

Canonical Functions of HD2C and HD2B in rRNA Processing

Histonedeacetylasesplaycrucial roles inmanybiologicalprocesses,
largely through their transcriptional repression activities (Hollender
and Liu, 2008; Haberland et al., 2009). Consistent with the canonical
gene regulation function, HD2C and HD2B directly bind and repress
the expression of many genes involved in ribosome biogenesis
(Figure 6). Among them were ribosomal proteins (e.g., RPL11B,
RPL11C,RPS7A,RPS16C, andRPS28C), snoRNAbindingproteins,
and proteins required for pre-rRNA processing. Comparedwith their
human homologs that are implicated in pre-rRNA maturation
(Robledoetal.,2008), the functionofArabidopsisribosomalproteins
in pre-rRNA processing is less well understood. SnoRNA binding
proteins function togetherwith snoRNAsandplay important roles in
pre-rRNA processing (Newman et al., 2000; Ellis et al., 2010).

We observed overaccumulation of 18S pre-rRNA intermediate
fragment P-A3 in the absence of HD2C and HD2B. Although the
precisemechanism isunclear, twopossibilitiescouldaccount for this
pattern.First, the immediatedownstreamproductofP-A3,18S-A2/3,
is less abundant in hd2b hd2c compared with the wild type (Figure
7D), suggesting that the processing from P-A3 to its downstream
productmaybeimpaired inthemutants.Second,althoughthesteady
state levelof27SA/Bfragment isunchanged, itsdownstreamproduct
7S is slightly increased inhd2bhd2cmutants (Figure 7D), whichmay
bethecase if27SA/B isquicklyprocessed into7S.Giventhat27SA/B
is generated together with P-A3 from 35S precursor (Figure 7A), the
overaccumulationofP-A3 ispossiblyduetoanenhancedprocessing
kinetics at A3 site in hd2b hd2cmutants (Figure 7A). Consistent with
this idea, we noted an elevated expression of Arabidopsis protein
arginine methyltransferase3 (PRMT3) in hd2b hd2c (Supplemental
Data Set 4) accompanied by an overaccumulation of P-A3 (Figure
7D). PRMT3 is implicated in ribosome biogenesis by promoting the
18S pre-rRNA processing (Hang et al., 2014).

NUCLEOLIN1 (NUC1) is another interesting protein that plays an
important role in ribosome biogenesis, including pre-rRNA tran-
scription and processing (Sáez-Vasquez et al., 2004; Kojima et al.,
2007;PetrickaandNelson, 2007;Pontvianneetal., 2007,2010).We
found that NUC1 is bound by HD2C and upregulated in hd2b hd2c

double mutant (Supplemental Data Sets 1 and 4), suggesting that
NUC1 is directly regulated by HD2C. Furthermore, our IP-MS
showedthatNUC1 iscopurifiedwithHD2C (SupplementalDataSet
3). More importantly, loss-of-function NUC1 mutation exhibited
a similar developmental defective phenotype as hd2c hd2b double
mutants (Petricka and Nelson, 2007; Durut et al., 2014). Thus, it is
possible that HD2C and HD2B may act through PRMT3 and/or
NUC1 to modulate the pre-rRNA processing.

HD2C and HD2B also repress the expression of several
snoRNAs including U14 (Figure 6E). In yeast, U14 is required for
the generation of 18S pre-rRNA from the upstream precursor
(Liang and Fournier, 1995). This function is conserved in Arabi-
dopsis as U14 is a core component of the pre-rRNA processing
complex (Qu et al., 2001). Increased U14 level in hd2b hd2c may
enable theefficientprocessingof 35S to itsdownstreamproducts.

Noncanonical Functions of HD2C and HD2B in

Pre-rRNA Processing

Besides the canonical mechanism, we also identified a non-
canonical action of HD2C and HD2B in pre-rRNA processing
through binding pre-rRNA and snoRNAs, and regulating rRNA
methylation (Figures 8 and 9). HD2C is associated with both pre-
rRNA and snoRNAs. Notably, snoRNAs are required for post-
transcriptional modifications of rRNA, largely through recruiting
modifying machineries to specific sites of rRNA (Kiss, 2002;
Bratkovi�candRogelj, 2014). The fact that21outof 24HD2C-bound
snoRNAs areC/Dbox type (Supplemental Figure 6B) suggests that
HD2C may be involved in rRNA methylation. Consistently, meth-
ylationof 18Sand25S rRNAwas increased inhd2bhd2c (Figure 9).
The precise mechanism of how HD2C and HD2B inhibit rRNA

methylation isunknown.Onepossibility is thatHD2Cmayactdirectly
through rRNA methyltransferases. We identified two SpoU-family
RNA methyltransferases (AT2G19870 and AT4G15520) in HD2C
IP-MS (Supplemental Data Set 3). SpoU-family methyltransferases
are conserved from prokaryotes to eukaryotes and can methylate
both rRNAs and tRNAs (Anantharaman et al., 2002). HD2C may
regulate the activity of rRNA methyltransferases. One possibility is
that HD2C regulates the recruitment of rRNA methyltransferase.

Figure10. AWorkingModel forCanonical andNoncanonicalMechanisms
of HD2C and HD2B in rRNA Processing.

HD2C and HD2B form complex and drive pre-rRNA processing and ribo-
some biogenesis via a canonical and/or noncanonical pathway. On the one
hand,HD2CandHD2Bdirectlybindand repress theexpressionofkeygenes
required for ribosome biogenesis, including ribosome biogenesis proteins
(e.g., PRMT3 and/or NUC1) and snoRNAs (e.g., U14). On the other hand,
HD2C and HD2B are associated with pre-rRNA and snoRNAs to regulate
rRNA modifications (e.g., methylation) and pre-rRNA processing.
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Given thatHD2C is capable of binding rRNA, it is possible thatHD2C
competes with rRNA methyltransferase for rRNA substrates and
consequently disables the recruitment of methyltransferase to
rRNAs.

We found some of the snoRNAs are bound by HD2C at both the
DNA and RNA level (Supplemental Figure 6C). For example, HD2C
is associated with both promoter regions of U14 gene as well as its
transcription product U14 snoRNA, suggesting that HD2C can
regulate pre-rRNA processing at both transcriptional and post-
transcriptional levels. Consistent with this idea, mammalian
NAD(+)-dependentdeacetylaseSIRT7 isassociatedwithbothrRNA
and snoRNAs (Chen et al., 2016a). SIRT7 is also a nucleolar protein
and regulates transcriptionandprocessingof rRNAbydeacetylating
U3-55K, a core component of the U3 snoRNP complex (Ford et al.,
2006; Chen et al., 2016a). Thus, HD2C displays a multitude of
function in regulatingpre-rRNAprocessing. Interestingly,despite the
similar amino acid sequence of HD2A and HD2D with HD2C, we
did not note that HD2A and HD2D are capable of binding rRNA
in vitro. It is possible that HD2A/HD2D and also HDA6 may require
posttranslational modifications to bind to rRNA.

Relationship between HD2C and HD2B in

Pre-rRNA Processing

Although HD2C and HD2B interact with each other, they may
function redundantly in regulating rRNA processing and plant
development. The hd2c hd2b double mutants display additively
narrow leaves and short roots as well as the abnormal accumu-
lation of P-A3 compared with either hd2c or hd2b single mutant
(Figures 5 and 7). One possibility is that HD2C and HD2B may
partiallymimic the functionof eachother. These twoproteins have
thesameconservedNPLdomain.Ourco-IPanalysesshowed that
bothof themcould formahomo-oligomer. It is possible thatHD2C
andHD2Bmayfunctionally replaceeachotherwhenoneof themis
absent. Another possibility is that HD2C and HD2B may have
unique and independent functions in ribosome biogenesis. Be-
sides the HD2C-HD2B complex, these two proteins may interact
with other proteins involved in ribosome biogenesis. Consistent
with this idea,HD2B interactswith ribosomal proteinS6 (Kimet al.,
2014), which was not copurified with HD2C in our IP-MS. HD2C
was also shown to specifically interact with HDA6 that is involved
in 5S rDNA transcription (Earley et al., 2006, 2010; Vaillant et al.,
2007; Luo et al., 2012). Thus, it will be interesting to decipher the
HD2C- and HD2B-interacting partners to further explore their
functional link in ribosome biogenesis.

Evolution of HD2 Proteins in Plants

HD2C and HD2B first appeared in green algae (Bourque et al., 2016)
and are classified into a plant-specificHD2group. HD2proteins share
a conserved N-terminal NPL domain predicted to be the catalytic
domain (Supplemental Figure 3B) (Hollender and Liu, 2008; Bourque
et al., 2016). Although the HD2 proteins are specific in plants, the
conserved NPL domain has been found in histone chaperon protein
nucleoplasmin (NUP) and some of the FK506 binding protein (FKBP)
family in fungi, plants, and animals (Frehlick et al., 2007; Edlich-Muth
et al., 2015). LikeHD2C andHD2B (Figure 4), theNPL domain of NUP
and FKBP form a homopentamer (Edlich-Muth et al., 2015).

Interestingly, thepentamerof theNPLdomain isabletobindhistones
(Dutta et al., 2001), consistent with our IP-MS results showing that
histones copurified with HD2C (Figure 4A). Furthermore, FKBP has
conservedhistidineandaspartate residuespredictedtobecritical for
thecatalyticactivityofHD2proteins(AravindandKoonin,1998;Edlich-
Muth et al., 2015; Bourque et al., 2016). Besides the domain similarity,
some FKBPs show similar cellular localization patterns and functions
as HD2 proteins. Like HD2C and HD2B, human FKBP25 and Arabi-
dopsis FKBP53 locate in the nucleolus and play important roles in
ribosomebiogenesis(Brownetal.,2005;LiandLuan,2010;Gudavicius
et al., 2014). Thus, we postulate that the nucleolus specific HD2
proteins may have evolved from the same ancestor as FKBPs.
Unlike animals that canescape fromunfavorable environments,

plants have evolved distinct mechanisms to cope with and thrive
under such conditions. It is possible that HD2 proteins may have
evolved to play important roles in the environmental adaption.
Genetic studies showed that HD2 proteins are involved in various
stress responses (Luo et al., 2012; Buszewicz et al., 2016; Han
et al., 2016). Loss-of-function HD2C is hypersensitive to salt
stress (Luo et al., 2012) and plants overexpressing HD2C confer
resistance to ABA and drought treatments (Sridha andWu, 2006).
Overexpression of HD2D enhances salt and cold tolerance (Han
et al., 2016). We observed upregulation of many ribosome bio-
genesis genes and downregulation of many stress response
genes in hd2b hd2c (Supplemental Data Set 4). Interestingly, the
expression levels of all four HD2 genes are downregulated under
the ABA and salt stress condition (Luo et al., 2012). Given the
positive role of HD2C and HD2B in rRNA maturation, the down-
regulation of HD2C and HD2B may reduce rRNA synthesis and
subsequently slowdownthecellularactivityanddevelopment. It is
possible that HD2 proteins may function to balance development
and stress tolerance by coordinating rRNA synthesis and fine-
tuning the expression of responsive genes.
One distinguishing feature of HD2s is their nucleolar localiza-

tion. Interestingly, mammalian SIRT7 is located in the nucleolus in
normal conditions and is released from the nucleoli upon stresses
(Chenetal., 2016a). LikeHD2CandHD2B (this study),SIRT7plays
an important role in ribosome biogenesis by regulating rRNAs
processing (Chenetal., 2016a).Comparedwithsevenmammalian
SIRTs (Haigis and Guarente, 2006), there are only two SIRT
proteins in Arabidopsis, rice (Oryza sativa), and maize (Zea mays)
(Szućko, 2016). These observations raise an interesting hypoth-
esis that HD2 proteins may have evolved to partially complement
the missing SIRT proteins in plants.

Deacetylase Activity of HD2 Proteins

We provided evidence showing that loss-of-function HD2C induces
H4K16 hyperacetylation in vivo (Figures 2 and 3). Surprisingly, our
ChIP-seqexperiments revealeda lowoverlapbetweenHD2C-bound
genes andH4K16 hyperacetylation genes in hd2c.While the precise
mechanism is unclear, several possibilities couldaccount for this
low overlap. First, we noted that HD2C has additional substrates
besidesH4K16ac.Thus,HD2Cmaydeacetylateothersubstratesat
the nonoverlapping loci. Second, other HDACs might function re-
dundantly with HD2C to modulate H4K16ac levels; thus, loss of
HD2C itself is insufficient to induce H4K16ac hyperacetylation.
Third, HD2C may bind to certain loci for other functions (e.g.,
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protein-protein interaction) rather than for deacetylating its targets.
Finally,someoftheHD2Cenrichedlocimaynotbeitsbonafidetargets.

On the other hand, althoughHD2s are classified into the histone
deacetylase family, there is no direct evidence that these proteins
are bona fide deacetylases. Current knowledge of HD2 sub-
strates, activity, and functionsare largely viagenetic studies inhd2
mutant background (Ding et al., 2012; Luo et al., 2012; Buszewicz
et al., 2016).Maize extracts enrichedwithHD2proteinswere used
to measure the deacetylase activity (Brosch et al., 1996; Lusser
et al., 1997). However, such study is indirect and does not rule out
the possible involvement of other HDACs. In this study, we
showed that overexpression of HD2C caused reduction of
H4K16ac in N. benthamiana and depletion of HD2C induced
global H4K16 hyperacetylation in Arabidopsis (Figure 2). Despite
numerousattempts,wehavebeenunable tofind invitroconditions
to measure deacetylase activity of recombinant HD2C. Thus, it
remains tobedeterminedwhetherHD2Cdirectly removesH4K16ac
in vivo. One possibility is that HD2C action on H4K16ac may be
mediatedby thedeacetylationactivityofanotherHDAC(s) that forms
complex with HD2C. A previous study using in vitro pull down or
overexpressing HD2C in a N. benthamiana transient system re-
ported that HD2C interacts with HDA6 (Luo et al., 2012). However,
wedidnotdetectHDA6inour IP-MSwhenHD2Cisexpressedunder
the native promoter and at the physiologically relevant conditions.
Our immunostainingexperimentalsodoesnotsupport anactive role
ofHDA6 inmodulatingH4K16ac levels (Figure2). Instead,our IP-MS
identifiedonepeptideofHistoneDeacetylaseComplex1(HDC1) that
interacts with HDA6 and HDA19 to promote histone deacetylation
(Perrellaetal.,2013). Interestingly,humanFKBP25isalsoassociated
with Rpd3 like HDAC1 and HDAC2, which may contribute the de-
acetylation activity of enriched FKBP25 complex in vivo (Yang et al.,
2001). Thus, future development of robust in vitro deacetylase ac-
tivityassay iscritical todeterminewhetherHD2CandotherHD2sare
bona fide deacetylases.

METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana ecotypeColumbia-0 (Col-0)was used as thewild type
for all experiments. The T-DNA insertion line of hd2c (SALK_129799) was ob-
tainedfromtheABRC.SeedsweresowninsoilorMurashigeandSkoogmedium
and kept at 4°C for 2 d before transferring to 16-h light using a set of fluorescent
lamps (Philips; 40 W) at around 100 mmol m22 s21 and 8-h dark at 22°C.

Construction of Vectors and Generation of Transgenic Plants

GenomicDNAofHD2CandHD2Bwith their 1-kbpromoterswereamplified
and cloned into pENTR/D-TOPO (Thermo Fisher; K240020), using primers
shown in Supplemental Table 2. These constructs were recombined into
the pEarleyGate302 binary vectors to create epitope-tagged FLAG or
HA fusions. For GFP-tagged proteins, cDNA of HD2C, HD2B, and HDA6
were amplified and cloned into pENTR/D-TOPO, then recombined into
pEarleyGate103 binary vector. All constructs were then transformed by
Agrobacterium tumefaciens-mediated infection into corresponding mu-
tants or wild-type plants. CRISPR-Cas9 construct of HD2Bwas generated
using the system provided by Yinong Yang (Xie et al., 2015). Briefly, two
guide RNAs of HD2B were designed with online tool (Lei et al., 2014). The
guide RNAs (Supplemental Table 2) were cloned into pRGE32 and
transformed into wild-type Arabidopsis Col-0. T1 transgenic plants with

HD2Bmutationswere selected for next generations. Seedswere collected
from single branch of T-DNA free T2 plants containing HD2B mutation.
T3 plants with HD2B mutations were then crossed back to wild-type
Col-0 plants to exclude potential off-target mutations. HD2B homozygous
mutants were obtained and used for all experiments.

RNA Extraction, Quantitative RT-PCR, and RNA Gel Blot Analysis

Total RNA was extracted from 6-d-old seedlings with Trizol reagent
(Thermo Fisher; 15596026) and treated with DNase I (NEB; M0303S). One
microgram of RNAwas reverse-transcribed into cDNAwith SuperScript III
(Thermo Fisher; 18080093) followed by quantitative PCR assaywith SYBR
GreenMaster Mix using CFX96 Real-Time System 690 (Bio-Rad). Relative
transcript level to ACTINwas calculated with the 22DCTmethod (Livak and
Schmittgen, 2001).

For rRNA methylation assay with low concentration of dNTP, 100 ng
DNase I treated total RNAwas reverse transcribed with M-MLV (Promega;
M1701) in high dNTP (1mM) and low dNTP (2 mM) condition, respectively.
RelativeRNAmethylation levelwascalculatedbynormalizingqPCRvalues
of lowdNTPwith valuesof highdNTP. For alkaline hydrolysis assay, 500ng
of RNA was treated in 50 mMNa2CO3 (pH 9) at 90°C for 4 min. RNAs were
precipitated with ethanol and then served as a template for RT with rRNA
specific primers. For RNA gel blots, seven micrograms of total RNA was
separated with 1.5% agarose gel containing 2% formaldehyde and then
transferred to a nylon membrane (GE Healthcare; RPN303B). Probe la-
beling and hybridization were performed with a DIG-High Prime DNA
Labeling and Detection Starter Kit (Roche; 11585614910) according to the
manufacturer’s instructions. Images were taken using ImageQuant LAS
4000 (GE Healthcare Life Sciences).

Immunostaining

InfiltratedNicotianabenthamiana leaveswerefixedinTrisbuffer (10mMTris-HCl,
pH 7.5, 100mMNaCl, and 10mMEDTA) containing 4% paraformaldehyde for
20 min and then washed with Tris buffer three times. Nuclei were isolated from
leavesbychoppinginnuclei isolationbuffer (15mMTris-HCl,pH7.5,2mMEDTA,
0.5mMspermine,80mMKCl,20mMNaCl,and0.1%TritonX-100).Afterfiltering
through Miracloth, the nuclei slurry was diluted three times with sorting buffer
(100 mM Tri-HCl, pH 7.5, 50 mM KCl, 2 mMMgCl2, 0.05% Tween20, and 5%
sucrose) and then dropped on poly-lysine-coated slides to air-dry. Slides were
fixed again with 4% paraformaldehyde in wash buffer (PBS with 0.1% Triton
X-100) for 20min and thenwashed three additional timeswith wash buffer. The
nuclei were blocked with 1%BSA in wash buffer for 30min at 37°C and then
washed three additional times with wash buffer. The nuclei were then in-
cubated with primary antibodies with 1:200 dilution overnight at 4°C. After
washing with PBS three times, the nuclei were blocked and incubated with
a secondary antibody with 1:300 dilution for 2 to 4 h at 37°C. The slides were
washedwithPBS three timesbefore imaging. Imageswere takenwithaNikon
A1R confocal microscope. Acetylation antibodies used here were H3K9ac
(Millipore; 07-352), H3K23ac (Millipore; 07-355), H4K8ac (Millipore; 07-328),
H4K16ac (Millipore; 07-329), and H4ac (Cell Signaling; 39243).

Library Construction, Sequencing, and Data Analysis

RNA-seq and ChIP-seq libraries were constructed using a TruSeq RNA
Library Preparation Kit (Illumina; RS-122-2002) and the Ovation Ultralow
DR Multiplex System (NuGEN; 0330), respectively. Libraries were se-
quenced on aHiSeq 2500 in theUW-Madison BiotechnologyCenter. For
RNA-seq, TopHat (2.0.8b) and Cufflinks (2.1.1) were used for differential
expression analysis (Trapnell et al., 2012). The genes showing a P < 0.05
were considered as significantly differentially expressed. Two biological
replicates were performed for RNA-seq. For ChIP-seq, reads were
aligned to the Arabidopsis reference genome (TAIR10) using Bowtie2
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(v2.1.0) with default parameters. Reads that mapped to identical posi-
tions in thegenomewere collapsed into one read.MACS (1.4.2) was used
for peak calling with P < 1e-05. BEDTools (2.17.0) and custom PERL
scripts were used for further analysis. In HD2C binding profiling, log2

value of normalizedHD2CChIP reads normalized bywild-type readswas
calculated and binned in 100-kb intervals. All statistical analysis and
figures were done using R (3.2.3). For RIP-seq, RNAs pulled down in
HD2C-FLAG and the wild type were transferred to double-strand DNA
and then treated as ChIP products for library construction. Reads were
aligned to rRNA sequence first with Bowtie2 (v2.1.0). The unmapped
reads were then aligned to TAIR10 reference sequence with TopHat
(2.0.8b). For enrichment ratio, genes with <10 reads were filtered, then
log2 value of normalized HD2CRIP reads divided by wild-type reads was
calculated for each transcript. GO analysis was performed using agriGO
(http://bioinfo.cau.edu.cn/agriGO/). The numbers of total reads obtained
for each sample are listed in Supplemental Table 3.

ChIP

H4K16ac ChIP was performed as previously described (Lu et al., 2015).
Two grams of leaveswere ground into powder in liquid nitrogen and cross-
linked in nuclei isolation buffer I (10 mM HEPES, pH 8, 1 M sucrose, 5 mM
KCl, 5 mM MgCl2, 5 mM EDTA, 0.6% Triton X-100, 0.4 mM PMSF, and
protease inhibitor cocktail tablet [Roche; 14696200]) with 1% formalde-
hyde for 20min at room temperature. Thehomogenatewasfiltered through
two layers of Miracloth (Millipore; 475855) and pelleted by centrifuging at
4000 rpm for 25 min at 4°C. The pellet was washed with nuclei isolation
buffer II (0.25 M sucrose, 10 mM Tris-HCl, pH 8, 10 mMMgCl2, 1% Triton
X-100, 1 mM EDTA, 5 mM b-mercaptoethanol, 0.4 mM PMSF, and pro-
tease inhibitor cocktail tablet), then resuspended with nuclear lysis buffer
(50 mM Tris-HCl, pH 8, 10 mM EDTA, 1% SDS, 0.4 mM PMSF, and
protease inhibitor cocktail tablet) and kept on ice for 10min. The lysatewas
diluted 10-fold with ChIP dilution buffer (1.1%Triton X-100, 1.2mMEDTA,
16.7 mM Tris-HCl, pH 8, 167 mM NaCl, 0.4 mM PMSF, and protease in-
hibitor cocktail tablet) and sheared by sonication. After centrifugation at
5000 rpm for10min, thesupernatantwas incubatedwith5mgantibodyand
40 mL magnetic protein A/G beads (Life Technologies; 10004D) overnight
with rotation at 4°C. After sequential washes with low salt buffer (150 mM
NaCl, 0.1%SDS,1%TritonX-100, 2mMEDTA, and20mMTris-HCl,pH8),
high salt buffer (500 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA,
and 20mM Tris-HCl, pH 8), LiCl buffer (0.25 M LiCl, 1%Nonidet P-40, 1%
sodiumdeoxycholate, 1mMEDTA,and10mMTris-HCl,pH8), andTEbuffer
(10 mM Tris-HCl, pH 8, and 1 mM EDTA), the DNA-protein complex was
eluted with ChIP elution buffer (1% SDS and 0.1 M NaHCO3) and reverse
cross-linked at 65°C for over 6 h. After proteinase K and RNase treatment,
DNA was purified by standard phenol-chloroform method for qPCR.

HD2B-FLAG and HD2C-FLAG ChIP were performed as described
previously (Chen et al., 2016b). Nuclei were isolated from 2 g of leaves and
cross-linked using the same method as described above. After wash with
nuclei isolation buffer II, the nuclei were resuspendedwith IP bindingbuffer
(50 mM Tris-HCl, pH 8, 150 mM NaCl, 5 mM MgCl2, 5% glycerol, 0.1%
Nonidet P-40, 1 mM PMSF, and protease inhibitor cocktail tablet) and
sheared by sonication. After centrifugation at 5000 rpm for 10 min, the
supernatant was incubated with Anti-FLAG M2 magnetic beads (Sigma-
Aldrich; M8823) overnight with rotation at 4°C. After wash with IP binding
buffer containing 500 mM NaCl, the protein-DNA complex was eluted
with ChIP elution buffer and reverse cross-linked at 65°C for 6 h. After
proteinase K and RNase treatment, DNAwas purified by standard phenol-
chloroform method for qPCR analysis or sequencing.

IP-MS Analysis

Affinity purification and mass spectrometry analysis of HD2C-FLAG were
performedaspreviouslydescribed (Chenetal., 2016b).Approximately 20g

of leaves fromHD2C-FLAG or the wild type (negative control) were ground
into powder and homogenized in 80mL IP binding buffer (50mMTris-HCl,
pH 8, 150 mMNaCl, 5 mMMgCl2, 5% glycerol, 0.1%Nonidet P-40, 1 mM
DTT, 1 mM PMSF, and protease inhibitor cocktail tablet). After centrifu-
gation at 10,000g for 15 min, the supernatant was incubated with anti-
FLAGM2magnetic beads (Sigma-Aldrich; M8823) with rotation at 4°C for
3h. Thebead-boundcomplexwaswashed four timeswith IPbindingbuffer
at 4°C for 5 min each. Bound protein was released by two 10-min in-
cubations with elution buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 5 mM
MgCl2, 5% glycerol, 0.5 mM DTT, 1 mM PMSF, and protease inhibitor
cocktail tablet) containing 150 ng/mL 33FLAG peptide (Sigma-Aldrich;
F4799) at room temperature. The eluted protein complexes were pre-
cipitated with trichloroacetic acid, further digested with Trypsin (Promega;
V5111), and analyzed on an Orbitrap mass spectrometer (LTQ Velos;
Thermo Fisher Scientific).

HPLC separation employed a 100 3 365-mm fused silica capillary
microcolumn packedwith 20 cmof 1.7-mm-diameter, 130Åpore size,C18
beads (Waters BEH), with an emitter tip pulled to;1mmusing a laser puller
(Sutter Instruments). Peptides were loaded on-column at a flow-rate of
400 nL/min for 30 min and then eluted over 120 min at a flow rate of
300nL/minwithagradientof2%to30%acetonitrile, in0.1%formicacid.Full-
mass profile scans were performed in the FT Orbitrap between 300 and
1500m/z at a resolution of 60,000, followed by 10MS/MSHCD scans of the
10 highest intensity parent ions at 42% relative collision energy and
7500 resolution, with a mass range starting at 100 m/z. Dynamic exclusion
was enabled with a repeat count of two over the duration of 30 s and an
exclusion window of 120 s.

For data analysis, the acquired precursor MS and MS/MS spectra
were searched against a Mus musculus protein database (Uniprot re-
viewed canonical database, containing 16,639 sequences) using
SEQUEST, within the Proteome Discoverer 1.3.0.339 software package
(Thermo Fisher Scientific). Masses for both precursor and fragment ions
were treated as mono-isotopic. Oxidized methionine (+15.995 D) and the
Gly-Gly footprint on lysine (+114.043 D) were allowed as dynamic
modifications and carbamidomethylated cysteine (+57.021 D) was
searched as a static modification. The database search permitted for up
to two missed trypsin cleavages and ion masses were matched with
a mass tolerance of 10 ppm for precursor masses and 0.1 D for HCD
fragments. The output from the SEQUEST search algorithm was vali-
dated using the Percolator algorithm. The data were filtered using a 1%
false discovery rate (Rohrbough et al., 2006), based on q-values, with
a minimum of two peptide matches required for confident protein
identification.

Co-IP Analysis

Co-IP was performed with 1.5 g of F1 Arabidopsis plants coexpressing
HD2C-HA and HD2B-FLAG or 0.5 g infiltrated N. benthamiana leaves
similar to IP-MS mentioned above. Total protein extracts were incubated
with 20 mL FLAG magnetic beads for FLAG purification or 4 mg anti-GFP
antibody (Roche; 11814460001) for GFP-tagged protein purification. After
washing with IP buffer containing 300 mM NaCl four times, beads were
boiled in SDS loading buffer.

In Vitro Protein-RNA Pull-Down

Ten micrograms of GST tagged protein was incubated with 20 mL GSH
agarose bead slurry (GE Healthcare; 17-0756-01) for 1 h at room tem-
perature. After washing with TBS three times, bead-protein complex was
incubated with 5 mg total RNA in TBS containing 80 units/mL RNaseOUT
(Thermo Fisher; 10777019) for 1 h at room temperature. After washing
with TBS, half of the productswere loaded to agarosegel for RNAdetection.
The other half products were boiled with SDS loading buffer for GST
immunoblot.
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RIP-Seq

RIP experiments were performed as previous described with slight
modifications (Rowley et al., 2013; Xing et al., 2015; Böhmdorfer et al.,
2016). One gram of leaves was ground into fine powder in liquid nitrogen
and suspended with 15 mL nuclear isolation buffer as used in ChIP con-
taining 8 units/mL RNaseOUT. The homogenate was cross-linked with
0.5% formaldehyde and filtered through two layers ofMiracloth. The nuclei
were collected by centrifuging at 3000g for 10 min and washed once with
nuclei isolation buffer II as used in ChIP containing 8 units/mL RNaseOUT.
The nuclei were resuspended in nuclear lysis buffer (50mMTris-HCl, pH 8,
10 mMEDTA, and 1%SDS) containing 160 units/mL RNaseOUT followed
bysonication. After centrifugingat 16,000g for 10min, thesupernatantwas
diluted 103with ChIP dilution buffer as used in ChIP containing 160 units/
mL RNaseOUT and incubated with anti-FLAG M2 beads (Sigma-Aldrich;
M8823) for 3 h with rotation. The bead-protein-RNA complex was washed
with ChIP dilution buffer containing 300 mM NaCl and 80 units/mL
RNaseOUT. Protein-RNA complex was eluted with elution buffer (100mM
Tris-HCl, pH 8, 10 mM EDTA, and 1% SDS) containing 800 units/mL
RNaseOUT for 10 min at room temperature. The elution was repeated at
65°C for another 10 min. The elution was combined and treated with
proteinase K for 1 h at 65°C. RNA was extracted with Trizol and treated
with DNase I before library construction. The library was constructed with
TruSeq RNA Library Preparation Kit (Illumina; RS-122-2002) and se-
quenced on a HiSeq 2500 in the UW-Madison Biotechnology Center.

Immunoblots

FLAG- and HA-tagged proteins were detected with horseradish peroxi-
dase-conjugated anti-FLAG (Sigma-Aldrich; A8592) and anti-HA antibody
(Roche; 12013819001), respectively. The GFP and GST antibodies were
purchased from Roche (11814460001) and Thermo Fisher (CAB 4169),
respectively. Immunoblots were developed using ECL Plus Western
BlottingDetectionSystem (GEHealthcare; RPN2132). Forquantificationof
H4 and H4K16ac, a fluorescent secondary antibody was used (LI-COR;
92532211). Signal was detected with Odyssey infrared imaging system
(LI-COR).

Protein Expression and Purification

The full-lengthcDNAsofHD2A,HD2B,HD2C,HD2D, andHDA6werecloned
into the pGOOD vector with a GST tag at the N terminus and a hexahistidine
tag at the C terminus. The plasmid was transformed into Escherichia coli

strain BL21 (DE3) RIL (Stratagene). The protein expression was induced by
adding IPTG to the cell culturewith a final concentration of 0.25mMatOD600

of 0.8 at 20°C. The protein was purified using HisTrp, Heparin, Q Fastflow,
and Superdex G200 columns (GE Healthcare). The purified protein was
concentrated to 20 mg/mL and frozen in 280°C for further use.

Accession Numbers

RNA-seq, ChIP-seq, and RIP-seq data were deposited in the Gene Ex-
pression Omnibus under accession number GSE107883. The accession
numbers for genes are as follows:HD2A (AT3G44750),HD2B (AT5G22650),
HD2C (AT5G03740), HD2D (AT2G27840), and HDA6 (AT5G63110).
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