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Arabidopsis cryptochrome 1 controls
photomorphogenesis through regulation of H2A.Z
deposition
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Abstract

Light is a key environmental cue that fundamentally regulates plant growth and development, which is mediated by the multiple
photoreceptors including the blue light (BL) photoreceptor cryptochrome 1 (CRY1). The signaling mechanism of Arabidopsis thali-
ana CRY1 involves direct interactions with CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1)/SUPPRESSOR OF PHYA-105 1 and
stabilization of COP1 substrate ELONGATED HYPOCOTYL 5 (HY5). H2A.Z is an evolutionarily conserved histone variant, which
plays a critical role in transcriptional regulation through its deposition in chromatin catalyzed by SWR1 complex. Here we show
that CRY1 physically interacts with SWC6 and ARP6, the SWR1 complex core subunits that are essential for mediating H2A.Z de-
position, in a BL-dependent manner, and that BL-activated CRY1 enhances the interaction of SWC6 with ARP6. Moreover, HY5
physically interacts with SWC6 and ARP6 to direct the recruitment of SWR1 complex to HY5 target loci. Based on previous stud-
ies and our findings, we propose that CRY1 promotes H2A.Z deposition to regulate HY5 target gene expression and photomor-
phogenesis in BL through the enhancement of both SWR1 complex activity and HY5 recruitment of SWR1 complex to HY5 target
loci, which is likely mediated by interactions of CRY1 with SWC6 and ARP6, and CRY1 stabilization of HY5, respectively.

Introduction (Fankhauser and Chory, 1997; Deng and Quail, 1999; Yadav

Light not only provides an energy source for photosynthesis et al, 2020). Multiple photoreceptors have evolved to allow
in plants, but also serves as a pivotal environmental cue  plants to monitor and respond to dynamic changes in wave-
that modulates numerous plant developmental processes lengths of light, light direction, and light duration. These
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include blue/ultraviolet (UV)-A light photoreceptors crypto-
chromes (CRYs; Cashmore et al, 1999; Wang and Lin, 2020)
and phototropins (Briggs and Christie, 2002) and ZTL/FKF1/
LKP2 (Ito et al, 2012), red/far-red light (RL/FRL) photorecep-
tors phytochromes (Quail, 2002), and UV-B light photore-
ceptor UVB-RESISTANCE 8 (Rizzini et al, 2011). CRYs act as
the major blue light (BL) receptors in Arabidopsis to regu-
late photomorphogenesis, photoperiodic flowering, and sto-
matal development and closure (Ahmad and Cashmore,
1993; Guo et al, 1998; Mao et al, 2005; Kang et al, 2009).
CRYs are present not only in land plants, but also other
organisms from algae to humans. In mammals, CRYs act as
a critical component of the core oscillator complex of the
circadian clock (Kume et al, 1999; van der Horst et al,
1999). In addition, CRYs in the eyes of migratory birds con-
fer their ability to visually detect Earth’s magnetic field and
navigate long-distance flying during migration (Gegear et al,
2010).

Arabidopsis has two homologous CRYs, CRY1, and CRY2.
CRY1 primarily mediates BL regulation of photomorphogen-
esis characterized by inhibited hypocotyl elongation and en-
hanced anthocyanin accumulation (Lin et al, 1998), while
CRY2 plays a major role in photoperiodic flowering (Guo
et al, 1998). CRY1 and CRY2 each comprise an N-terminal
photolyase homologous region domain (CNT1 and CNT2)
and a C-terminal extension domain (CCE, or CCT1 and
CCT2; Cashmore et al., 1999; Yu et al,, 2007). The C-terminal
domain of CRYs mediates BL signaling via its direct interac-
tion with CONSTITUTIVE PHOTOMORPHOGENIC 1
(COP1), an E3 ubiquitin ligase that acts as the master nega-
tive regulator of photomorphogenesis and flowering time
(Deng et al, 1992; Yang et al, 2000; Wang et al,, 2001; Yang
et al, 2001). This interaction leads to inhibition of COP1 ac-
tivity and accumulation of transcription factors such as
ELONGATED HYPOCOTYL 5 (HY5) and CONSTANS
(Osterlund et al, 2000; Jang et al, 2008; Liu et al, 2008b).
HYS5 is a basic leucine zipper (bZIP) transcription factor that
acts as a major positive regulator of photomorphogenesis by
directly binding to light-responsive genes to modulate their
expression (Oyama et al, 1997; Chattopadhyay et al, 1998).
CRY1 also interacts with the COP1 enhancer, SUPPRESSOR
OF PHYA-105 1 (SPAT; Seo et al, 2003), to further attenuate
COP1 activity (Lian et al, 2011; Liu et al, 2011). It has been
demonstrated that CNT1 alone is sufficient to mediate
CRY1 signaling independent of CCT1 (He et al, 2015), and
several CNT1-interacting proteins have been characterized.
These include Aux/IAAs, ARF6/ARF8, BIM1/BES1, HBI1, and
TOE1/TOE2, which are transcriptional regulators (Xu et al,
2018; Wang et al,, 20183, 2018b; Du et al, 2020; Mao et al,
2020). The direct interactions of CRYs with transcription
regulators such as CIBs, TOE1/TOE2, PIFs, Aux/IAAs, ARF6/
ARFS8, and BIM1/BES1 can influence their DNA-binding or
transcriptional activities to regulate flowering, thermomor-
phogenesis, shade avoidance, auxin, and brassinosteroids sig-
naling (Liu et al, 2008a; Ma et al,, 2016; Pedmale et al,, 2016;
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Xu et al, 2018; Wang et al, 2018a, 2018b; Du et al, 2020;
Mao et al., 2020).

H2A.Z is an evolutionarily conserved histone variant iden-
tified from yeasts to human species, which plays a critical
role in transcriptional regulation (Zlatanova and Thakar,
2008). The exchange of H2A for H2A.Z in the nucleosomes
is catalyzed by ATP-dependent SWI2/SNF2-Related 1 chro-
matin remodeling complex (SWR1-G Mizuguchi et al,
2004). In yeast, the SWR1 complex contains 14 subunits, in
which the Swr1 ATPase is the core catalytic subunit and
serves as scaffold protein for the complex assembly (Gerhold
and Gasser, 2014). ARP6 and SWC6 subunits interact with
Swr1 and act as a bridge between Swr1 and H2A.Z chaperon
SWC2 (Wu et al, 2005). Several conserved homologs of
SWR1-C subunits have been characterized in Arabidopsis, in-
cluding ARP6, SWC6/SEF, and PIET (homolog of yeast Swrf;
Noh and Amasino, 2003; Deal et al,, 2005; March-Diaz et al.,
2007). Arabidopsis SWC6 and ARP6 interact with each other
and are required for H2A.Z deposition (Choi et al, 2007;
Deal et al., 2007; March-Diaz et al., 2007). SWR1-C-mediated
H2A.Z deposition into chromatin can lead to a repressive
chromatin state and repression of gene expression, but also
can confer transcriptional competence (Deal et al, 2007;
Kumar et al, 2012). In Arabidopsis, H2A.Z deposition at +1
nucleosome and gene body can result in tight wrapping of
DNA or promotion of H3K27me3 and prevention of
H3K4me3 histone modifications and repression of gene ex-
pression (Kumar and Wigge, 2010; Dai et al, 2017). At low
temperature, H2A.Z is deposited at a high level which leads
to transcription repression at FT and YUCS8 loci, and at high-
temperature H2A.Z is evicted from the nucleosome at these
loci to promote flowering and hypocotyl elongation (Kumar
et al, 2012; van der Woude et al, 2019). In mammals, the
transcription factors p53 and c-Myc direct the location of
H2A.Z occupancy in chromatin (Gevry et al, 2007). In
Arabidopsis, the transcriptional factors ELF3 and ESC/SOB3
interact with SWC6 to recruit SWR1-C at PRR7/PRR9 and
YUC9 loci to repress their expression to shape oscillatory
gene expression and inhibit hypocotyl growth, respectively
(Lee and Seo, 2017; Tong et al.,, 2020).

To date, whether SWR1-C-mediated H2A.Z deposition is
involved in light signaling is largely unknown. In this study,
we identified SWC6 and ARP6 as CRY1-interacting proteins.
We demonstrate through a series of protein—protein inter-
action assays that Arabidopsis CRY1 interacts with SWC6
and ARP6 in a BL-dependent manner. We further demon-
strate through physiological, biochemical, genetic, and mo-
lecular studies that SWC6, ARP6, and H2A.Z act to promote
photomorphogenesis under BL, RL, and FRL, and that CRYs,
SWC6, ARP6, and HY5 play a positive role in regulating
H2A.Z deposition at HY5 target genes promoting cell elon-
gation in BL. We also show that both SWC6 and ARP6 phys-
ically interact with HY5. Moreover, we demonstrate that
BL-activated CRY1 likely enhances the interaction of SWC6
with ARP6. Our findings suggest that SWR1-C is recruited to
HY5 target genes, promoting cell elongation and chlorophyll
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biosynthesis to mediate H2A.Z deposition through direct
interactions of SWC6 and ARP6 with HY5, leading to repres-
sion of these HY5 target genes expression and promotion of
photomorphogenesis under BL. BL-induced interactions of
CRY1 with SWC6 and ARP6 and/or CRY1-enchaced SWC6-
ARP6 association may contribute to BL promotion of SWR1-
C-mediated H2A.Z deposition at HY5 target genes.

Results

CRY1 and CRY?2 physically interact with SWC6 in a
BL-dependent manner

To look for more potential CRY1-interactiong proteins, we
performed GAL4 yeast two-hybrid screening using CNT1 as
a bait, and identified SWC6, a conserved core subunit of
SWR1-C harboring a hit-type zinc finger (HIT-ZF) domain
(Figure 1A) responsible for exchange of histone H2A.Z vari-
ant in eukaryotic organisms (Mizuguchi et al, 2004; March-
Diaz et al, 2007; Cuadrado et al,, 2010), which interacts with
CNT1 in BL but not in darkness (DK; Figure 1B). We then
examined by yeast two-hybrid assay whether the full-length
CRY1 would interact with SWC6 and found that CRY1 also
interacted with SWC6 in BL but not in the DK (Figure 1C).
Furthermore, CNT2 interacted with SWC6 in both BL and
DK, while the full-length CRY2 interacted with SWC6 in BL
but not in DK (Figure 1D). Moreover, domain mapping
assays demonstrated that the C-terminal HIT-ZF-containing
domain of SWC6 (amino acids 86-171) mediated the inter-
action with CRY1 and CRY2 (Supplemental Figure S1). In vi-
tro pull-down assays showed that CNT1, CCT1, CNT2, and
CCT2 were pulled down by GST-SWC6 (Supplemental
Figure S2, A and B). We then carried out split luciferase
(split-LUC) complementation assays in Nicotiana benthami-
ana leaves and found that the LUC activity was reconsti-
tuted when cLUC-SWC6 and CRY1-nLUC or CRY2-nLUC
were coexpressed (Figure 1, E and F), indicating interactions
of CRY1 and CRY2 with SWC6. Further split-LUC assays
confirmed that both N and C termini of CRY1 and CRY2
were able to interact with SWC6 (Supplemental Figure S2,
C-F).

To confirm the BL-dependent interactions of CRY1 and
CRY2 with SWC6 observed in Saccharomyces cerevisiae
AH109 strain cells (Figure 1, C and D), we performed semi-
in vivo pull-down assays and found that SWC6 pulled-down
Myc-CRY1T and Myc-CRY2 in the extracts prepared from
Myc-CRY1-OX and Myc-CRY2-OX seedlings exposed to BL,
respectively, but not from those either adapted in DK or ex-
posed to RL or FRL (Supplemental Figure S3, A and C), indi-
cating BL-specific interactions of CRY1 and CRY2 with
SWC6. Further semi-in vivo pull-down assays demonstrated
that CRY1-SWC6 and CRY2-SWC6 interactions were en-
hanced in seedlings exposed to either BL for increasing times
(Supplemental Figure S3B) or higher fluence rates of BL
(Supplemental Figure S3D).

Next, we performed co-immunoprecipitation (co-IP)
assays to further confirm whether CRY1 and CRY2 might in-
teract with SWC6 in a BL-dependent manner in Arabidopsis.
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To do this, we generated double transgenic Arabidopsis
plants overexpressing SWC6-Flag and Myc-CRY1 (SWC6-
Flag-OX/Myc-CRY1-OX), as well as SWC6-Flag and Myc-CRY2
(SWC6-Flag-OX/Myc-CRY2-OX). Co-IP assays with these
transgenic seedlings showed that both Myc-CRY1 and Myc-
CRY2 were coimmunoprecipitated with SWC6-Flag in BL,
but not in DK (Figure 1, G and H). We then determined the
effects of different lights on the interactions of CRY1 and
CRY2 with SWC6 by co-IP assays, and found that both
CRY1 and CRY2 interacted with SWC6 in BL, but not in DK
or RL or FRL (Figure 1, | and J). Further co-IP assay showed
that the interactions of CRY1 and CRY2 with SWC6 were
enhanced in seedlings exposed to BL for longer times or at
higher fluence rates (Figure 1, K and L). Taken together,
these results demonstrate that both CRY1 and CRY2 inter-
act with SWC6 in a BL-dependent manner in vivo.

CRY1 and CRY2 physically interact with ARP6 in a
BL-dependent manner

Since SWC6 interacts with ARP6, another core catalytic sub-
unit of SWR1-C, to regulate SWR1-C-mediated H2A.Z depo-
sition (Wu et al, 2005; Choi et al, 2007; March-Diaz et al,
2007), we explored whether CRYs would interact with ARP6.
We first performed pull-down assays, and found that CNT1,
CCT1, CNT2, and CCT2 interacted with ARP6 (Figure 2, A
and B). We then performed split-LUC assays and found that
CRY1, CRY2, CNT1, CCT1, CNT2, and CCT2 each interacted
with ARP6 in N. benthamiana (Figure 2, C and D;
Supplemental Figure S2, G-J). To investigate the effects of
BL on the interaction of CRY1 with SARP6, we performed
semi-in vivo pull-down assays and found that CRY1 inter-
acted with ARP6 in BL, but not in DK or RL or FRL
(Figure 2E). Moreover, the interaction of CRY1 with ARP6
was enhanced in seedlings exposed to BL for increasing
times (Figure 2F). We further performed co-IP assays with
transgenic Arabidopsis overexpressing ARP6-Flag and Myc-
CRY1 (ARP6-Flag-OX/Myc-CRY1-OX) or ARP6-Flag and Myc-
CRY2 (ARP6-Flag-OX/Myc-CRY2-OX) and found that both
CRY1 and CRY?2 interacted with ARP6 in BL, but not in DK
(Figure 2, G and H). Taken together, these data demonstrate
that both CRY1 and CRY2 also interact with ARP6 in a BL-
dependent manner in vivo.

SWC6, ARP6, and H2A.Z act to inhibit hypocotyl
elongation in BL, RL, and FRL, and promote
chlorophyll accumulation in BL

The demonstrations that CRY1 and CRY?2 interact directly
with SWC6 and ARP6 suggest that SWC6 and ARP6 might
be involved in CRY-mediated BL signaling. To explore this
possibility, we analyzed the photomorphogenic phenotype
shown by hypocotyl lengths of swc6 and arp6 mutants
grown in DK and BL, as well as in RL and FRL. Intriguingly,
both swc6 and arp6 mutant hypocotyls were as long as
those of wild-type (WT) in the DK, but significantly longer
than WT not only in BL, but in RL and FRL as well (Figure 3,
A-H). Moreover, expression of SWC6-Flag or SWC6-Myc
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Yeast two-hybrid assays showing the interaction of CNT1 with SWC6. Yeast cells coexpressing the indicated combinations of constructs were grown
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of BL for 1h.

and ARP6-Flag or ARP6-YFP was able to rescue the tall hy-
pocotyl phenotype of swc6 and arp6 mutants in BL, respec-
tively (Supplemental Figure S4). These results demonstrate
that both SWC6 and ARP6 may not only be involved in
inhibiting hypocotyl elongation in BL, but in RL and FRL sig-
naling as well.

We then examined whether H2A.Z would also be in-
volved in light signaling by using the loss-of-function mu-
tant of Arabidopsis H2A.Z, which comprises three highly
homologous genes, HTA8, HTA9, and HTA11 (March-Diaz
and Reyes, 2009). We generated the hta9 hta11 double
mutant and examined its hypocotyl elongation in

different light conditions. The results showed that, like
swc6 and arp6 mutants, hta9 htall mutant developed sig-
nificantly taller hypocotyls than WT in BL, RL, and FRL,
but not in DK (Figure 3, 1-P), indicating that H2A.Z also
inhibits hypocotyl elongation in these monochromatic
light conditions. We further determined chlorophyll and
anthocyanin contents in swc6, arp6, and hta9 htall
mutants in BL. The results showed that chlorophyll accu-
mulation was clearly reduced to different degrees in these
mutants (Supplemental Figure S5A). However, anthocya-
nin production was dramatically enhanced in swc6 and
hta9 htalTmutants, and slightly promoted in arp6 mutant
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Figure 3 SWC6, ARP6, and H2A.Z act to inhibit hypocotyl elongation in BL, RL, and FRL. A-H, The swc6, and arp6 mutants show enhanced hypo-
cotyl elongation in BL, RL, and FRL. Seedlings of the indicated genotypes were grown in DK (A), BL (30 umol/m?/s) (C), RL (50 gmol/m?/s) (E), and

FRL (1 umol/m?/s) (G) for 5d, and hypocotyl lengths were measured (B, D, F, and H). Bars = 2.5 mm. Letters “a

a_n

to “d” indicate statistically signifi-

cant differences between means for hypocotyl lengths of the indicated genotypes, as determined by ANOVA, followed by LSD test (P < 0.05). I-P,
The hta9 hta11 mutant shows enhanced hypocotyl elongation in BL, RL, and FRL. The growth conditions are the same as those in (A-H).
Bars = 2.5 mm. Asterisks indicate significant differences between WT and hta9 hta11 seedlings (Student’s t-test: P < 0.01), and ns denotes no sig-

nificant differences.

(Supplemental Figure S5B). Taken together, these results
suggest that SWC6, ARP6, and H2A.Z act to inhibit hypo-
cotyl elongation and promote chlorophyll accumulation
but repress anthocyanin production.

Next, we explored the genetic interaction of CRY71 and
CRY2 with ARP6 using the cry1 cry2 arpé6 triple mutant cre-
ated through genetic crossing and comparing the hypocotyl

phenotype of this mutant with that of cry1 cry2 and arp6
mutants in BL. The results showed that cry1 cry2 arp6 triple
mutant hypocotyls were significantly taller than arp6 single
mutant, but similar to cryl cry2 double mutant
(Supplemental Figure S6, A and B), indicating that ARP6
likely acts in the same pathway of CRY1 and CRY2 to regu-
late hypocotyl elongation in BL.
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phyB and phyA may interact with SWC6 and ARP6
Given the demonstrations that CRY1 and CRY2 interact
with SWC6 and ARP6 (Figures 1 and 2), and that SWC6,
ARP6, and H2A.Z also act to inhibit hypocotyl elongation in
RL and FRL (Figure 3, E-H and M-P), we postulated that
phytochromes B and A (phyB and phyA) might interact
with SWC6 and ARPG6. To test this possibility, we performed
split-LUC assays in N. benthamiana leaves and found that
the LUC activity was detected when cLUC-phyB was coex-
pressed with SWC6-nLUC and ARP6-nLUC, and phyA-nLUC
was coexpressed with cLUC-SWC6 and cLUC-ARP6, respec-
tively (Supplemental Figure S7), indicating possible interac-
tions of phyB and phyA with SWC6 and ARP6.

CRYs and ARP6 coregulate a large number of genes
in the same direction in BL

To find the downstream target genes coregulated by CRYs
and ARP6, we performed RNA-seq assays using cryl cry2
and arp6 mutant grown in BL and identified 5,769 CRY-reg-
ulated genes (differentially expressed genes [DEGs] between
cry1 cry2 vs. WT; fold change (FC) > 1.5, and P-value < 0.05)
and 5,017 ARP6-regulated genes (DEGs between arp6 vs.
WT; FC> 15, and P-value < 0.05; Figure 4A). There were
1,879 genes coregulated by CRYs and ARP6, of which 802
(43%) and 580 (31%) were down-regulated and up-regulated
by both CRYs and ARP6, respectively (Figure 4A;
Supplemental Data Set S1). We then calculated the Pearson
correlation coefficients between CRY- and ARP6-coregulated
genes expression and found that there was moderate corre-
lation of expression changes between CRY- and ARP6-core-
gulated genes (r value=0.410). A heat map generated by
hierarchical clustering analyses using Pearson correlation
revealed that 1,382 (74%) of these genes were regulated by
CRYs and ARP6 in the same direction (Figure 4B). Next, we
performed gene ontology (GO) enrichment analysis and
found that the genes coregulated by CRYs and ARP6 were
preferentially associated with response to light stimulus and
plant hormones, cell wall organization, and chloroplast part
(Figure 4C). Further analysis revealed that ARP6-repressed
genes were enriched in GO term related to hormone signal-
ing, which are closely related to hypocotyl elongation, while
ARP6-activated genes were enriched in GO terms related to
photosynthesis and chloroplast part (Figure 4C). The catego-
ries of cell wall organization and response to light stimulus
were enriched in both ARP6-repressed and ARP6-activated
genes (Figure 4C).

Given that HY5 is a key transcription factor acting down-
stream of the multiple photoreceptors to promote photo-
morphogenesis (Oyama et al, 1997; Chattopadhyay et al,
1998), we asked whether the genes coregulated by CRYs
and ARP6 might include the HY5 target genes. To do this,
we compared the genes identified in this study with the
5948 HY5-taget genes characterized previously (Lee et al,
2007; Kurihara et al, 2014). We found that 562 (30%) of the
genes coregulated by CRYs and ARP6 were HY5 target genes
and included genes promoting cell elongation, such as EXP2,
IAA19, XTH32, GH3.5, SAUR41, and BBX31. These results, in
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conjunction with the pronounced tall-hypocotyl phenotype
observed for both cry1 cry2 and arp6 mutants grown in BL
(Figure 3, C and D), implying that CRYs and ARP6 may pro-
mote photomorphogenesis, at least in part, through repres-
sion of the HY5 target genes promoting cell elongation
under BL.

ARP6 and HY5 coregulate a large number of genes
in the same direction in BL

Given that the genes coregulated by CRYs and ARP6 con-
tain a large number of HY5 target genes, we further per-
formed RNA-seq assays using hy5 hyh mutant seedlings
grown in BL, in which HY5 and its close homolog HYH
(Holm et al, 2002) were mutated, and analyzed the genes
regulated by HY5/HYH in BL. We identified 4,652 HY5/HYH-
regulated genes (DEGs between hy5 hyh vs. WT; FC > 1.5,
and P-value < 0.05), of which 2,051 genes were also regu-
lated by ARP6 (Figure 4D; Supplemental Data Set S2). Of
them, 1,012 (49%) and 799 (39%) were down- and up-regu-
lated by both ARP6 and HY5/HYH, respectively. We then
calculated the Pearson correlation coefficients between
ARP6- and HY5/HYH-coregulated genes expression
and found that there was high correlation of expression
changes between ARP6- and HY5/HYH-coregulated genes
(r value =0.749). A heat map generated by hierarchical clus-
tering analyses revealed that 1,811 (88%) of these genes
were regulated by ARP6 and HY5/HYH in the same direc-
tion (Figure 4E). GO analysis showed that the genes respon-
sive to growth-promoting hormones and regulation of
hormone level, as well as those involved in cell wall organi-
zation, were highly enriched in the genes that are up-regu-
lated by ARP6 and HY5/HYH (Figure 4F). Importantly, these
results confirmed that the genes coregulated by ARP6 and
HY5/HYH identified here also included the HY5 target genes
promoting hypocotyl elongation such as EXP2, IAAs, XTHs,
SAURs, PRES, and chlorophyll accumulation and photosyn-
thesis such as HEMAT and RBCSTA. RT-quantitative PCR
(RT-qPCR) analyses of the BL-grown cry1 cry2, arp6, and hy5
hyh mutants confirmed that CRYs, ARP6, and HY5/HYH re-
pressed the expression of EXP2, IAAs, XTHs, SAURs, and
PRE5 (Supplemental Figure S8), but promoted the expres-
sion of HEMA1, RBCSTA, and other genes promoting chloro-
phyll biosynthesis and photosynthesis (Ang et al, 1998;
McCormac and Terry, 2002; Supplemental Figure S9), con-
firming that CRYs, ARP6, and HY5/HYH regulate hypocotyl
elongation and chlorophyll accumulation, at least in part,
through regulation of the expression of genes controlling
cell elongation and chlorophyll biosynthesis in BL.

CRYs mediate BL-enhanced H2A.Z deposition at the
HY5 target genes promoting cell elongation

Given that ARP6 and SWC6 are required for SWR1-C-medi-
ated H2A.Z deposition (Deal et al, 2007; March-Diaz et al,
2007) and that they both act to promote photomorphogen-
esis in BL (Figure 3, C and D), we examined whether SWC6
and ARP6 might promote H2A.Z deposition at the HY5
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Figure 4 CRYs, ARP6, and HY5/HYH coregulate a large number of genes in the same direction. A, Venn diagrams showing the overlapping genes
up- and down-regulated by CRYs and ARP6, which were obtained by analyses of differential expression (FC > 1.5 and P-value < 0.05) from samples
of BL-grown WT and cry1 cry2 mutant, and BL-grown WT and arp6 mutant, respectively. B, Hierarchical clustering analyses of the overlapping
genes shown in A. Scale bar denotes the log, value of FC. C, GO analysis showing coordinate regulation of the 1,879 overlapping genes in A by
CRYs and ARP6. The numbers on each column denote the percentage of genes in each GO category. Total denotes all Arabidopsis genes. D, Venn
diagrams showing the overlapping genes up- and down-regulated by ARP6 and HY5/HYH, which were obtained by analyses of differential expres-
sion (FC > 1.5 and P-value < 0.05) from samples of BL-grown WT and arp6 mutant, and BL-grown WT and hy5 hyh mutant, respectively. E,
Hierarchical clustering analyses of the overlapping genes shown in D. F, GO analysis showing coordinate regulation of the 2,051 overlapping genes
in D by ARP6 and HY5/HYH. The numbers on each column denote the percentage of genes in each GO category.

target genes promoting cell elongation to inhibit their ex-
pression under BL. To do this, we performed chromatin IP
coupled with qPCR (ChIP-gPCR) assays of three representa-
tive HY5 target genes, EXP2, IAA19, and XTH33 (Figure 5A),
which are known to promote cell elongation (Jing et al,
2013; Pedmale et al, 2016), using the swc6 and arp6 seed-
lings to evaluate H2A.Z occupancies at these loci with the
anti-HTA9 antibody. The H2A.Z occupancies at EXP2, IAA19,
and XTH33 loci were dramatically reduced in either swc6 or
arp6 mutant (Figure 5, B-D), indicating that both SWC6

and ARPG6 are required for H2A.Z deposition at +1 nucleo-
somes and HY5-binding sites of these loci containing the
ATCG element in BL. Next, we investigated H2A.Z deposi-
tion at two more HY5 target genes, HEMAT1 and RBCSTA
(Ang et al, 1998; McCormac and Terry, 2002; Supplemental
Figure S10A), which are involved in chlorophyll biosynthesis
and photosynthesis. We found that H2A.Z occupancies at
HEMAT and RBCSTA loci were also significantly reduced in
either swc6 or arp6 mutant (Supplemental Figure S10, B and
C), suggesting that H2A.Z deposition at these two genes is
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Figure 5 ChIP-qPCR analyses showing the roles of CRYs, ARP6, SWC6, and HY5/HYH in H2A.Z deposition at HY5 target genes. A, Schematic dia-
gram of EXP2, IAA19, and XTH33 genes with exons indicated as black boxes. Arrowheads denote the transcription start sites. P1-P3 denote the
corresponding amplicons for qPCR. B-D, ARP6 and SWC6 are necessary for H2A.Z deposition at +1 nucleosomes of EXP2 (B), IAA19 (C) and
XTH33 (D) loci. E-G, CRYs mediate BL-enhanced H2A.Z deposition at the HY5 Target Genes in BL. H-J, HY5 and HYH promote H2A.Z deposition
at their target genes in BL. K, H2A.Z deposition at +1 nucleosomes of HY5 target loci is enhanced in cop1-4 mutant. L and M, SWC6 binding to
the HY5 target genes promoting cell elongation is dependent on HY5 and HYH in BL. In B-J, L, and M, 5-d-old white light-grown seedlings were
adapted in DK for 2 d, and then either exposed to BL (50 umol/m?/s) or still adapted in DK for 6 h. In K, 5-d-old white light-grown WT and cop1
seedlings were adapted in DK for 2 d, and then harvested and cross-linked. The 41 nucleosome fragments of EXP2, IAA19, XTH33, and AT4G07700
(negative control) were immunoprecipitated by anti-HTA9 or anti-Flag antibody, and then qPCR was performed to quantify the enrichment of
the indicated genes, which was normalized to that of AT4G07700. Error bars, SDs of three biological replicates. Asterisks indicate significant differ-

ences between different genotypes of plants subjected to different treatments (Student’s t-test: *

largely mediated by SWC6 and ARP6. We then evaluated
the effects of BL and CRYs on the H2A.Z deposition at these
loci using WT and cry1 cry2 seedlings. As shown in Figure 5,
E-G, significantly more H2A.Z was enriched at EXP2, IAA19,
and XTH33 loci in WT seedlings exposed to BL than in those

‘P < 0.01, P < 0.05).

adapted in DK, while considerably less H2A.Z occupied at
these loci in cry1 cry2 seedlings than in WT exposed to BL.
Immunoblot analysis demonstrated that H2A.Z protein
expressed at a similar level in WT and cry7 cry2 mutant
seedlings adapted in the DK or exposed to BL
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(Supplemental Figure S11, A and B). Taken together, these
results demonstrate that BL is able to enhance H2A.Z depo-
sition and that CRYs mediate BL-enhanced H2A.Z deposi-
tion at the HY5 target genes promoting cell elongation.

HY5 and HYH promote H2A.Z deposition at their
target genes

To evaluate whether HY5 and HYH might be required for
H2A.Z deposition at their target genes, we performed ChlIP-
gPCR assays for H2A.Z deposition at EXP2, IAA19, and
XTH33 loci using hy5 hyh seedlings adapted in DK and then
exposed to BL, respectively. Significantly more H2A.Z was
enriched at +1 nucleosomes and HY5-binding sites of these
loci in WT than in hy5 hyh mutant seedlings exposed to BL
(Figure 5, H-J), immunoblot analysis demonstrated that the
H2A.Z protein expressed at a similar level in WT and hy5
hyh mutant seedlings exposed to BL (Supplemental Figure
S11C). To further confirm the role for HY5 in promoting
H2A.Z deposition, we carried out ChIP-qPCR assays using
DK-grown cop1 mutant that is known to accumulate high
levels of HY5 (Osterlund et al, 2000). As expected, much
more H2A.Z was enriched at EXP2, IAA19, and XTH33 loci in
DK-grown cop1 mutant than in DK-grown WT (Figure 5K).
Taken together, these results demonstrate that HY5 and
HYH act to positively regulate H2A.Z deposition at HY5 tar-
get genes promoting cell elongation.

SWC6 association with the HY5 target genes is
partially dependent on HY5 in BL

Our demonstrations that HY5 and HYH play a role in pro-
moting H2A.Z deposition and that SWC6 positively regu-
lates H2A.Z deposition led us to explore whether SWC6
might associate with HY5 target genes in BL, and if so,
whether HY5 and HYH might be required for its binding. To
this end, we generated transgenic lines overexpressing simi-
lar levels of SWC6-Flag protein in the WT and hy5 hyh mu-
tant backgrounds, respectively (SWC6-Flag-OX and SWCé6-
Flag-OX/hy5 hyh; Supplemental Figure S11E). ChIP-qPCR
assays using SWC6-Flag-OX seedlings demonstrated that the
association of SWC6 to EXP2, IAA19, and XTH33 loci was sig-
nificantly stronger in SWC6-Flag-OX seedlings exposed to BL
than in those adapted in the DK (Figure 5L). Protein blot
analysis showed that SWC6-Flag protein was expressed at a
similar level in SWC6-Flag-OX seedlings adapted in DK or ex-
posed to BL (Supplemental Figure S11D). Given that HY5 is
degraded in the DK but stabilized in the light (Osterlund
et al, 2000), these results indicate that BL might promote
SWC6 binding to HY5 target genes by stabilizing HY5. To
test this possibility, we further performed ChIP-qPCR assays
using SWC6-Flag-OX and SWC6-Flag-OX/hy5 hyh seedlings.
As anticipated, SWC6 association with EXP2, IAA19, and
XTH33 loci was significantly stronger in the WT background
than in the hy5 hyh mutant background under BL
(Figure 5M). Taken together, these results suggest that
SWC6 binding to HY5 target genes requires HY5 and HYH
in BL.

Z. Mao et al.

HY5 physically interacts with both SWC6 and ARP6

The following demonstrations led us to explore whether
HY5 and HYH would interact directly with SWC6 and ARP6
to recruit SWR1-C to promote H2A.Z deposition at the HY5
target genes. (1) ARP6 regulates a large number of HY5 tar-
get genes. (2) SWC6 and ARPG6 are required for H2A.Z depo-
sition at the HY5 target genes. (3) HY5/HYH act to
positively regulate H2A.Z deposition at their target genes.
(4) SWC6 association with the H2A.Z deposition at the HY5
target genes requires HY5 and HYH. To test this hypothesis,
we first performed LexA yeast two-hybrid assays and found
that SWC6 interacted with both HY5 and HYH (Figure 6, A
and B). We further demonstrated that the C terminus of
SWC6 (amino acids 86-171) mediated the interaction with
HY5 (Supplemental Figure S12), and that the C terminus of
HY5 (amino acids 78-168) mediated the interaction with
SWC6 (Supplemental Figure S13, A and B). We then per-
formed GST pull-down assays and confirmed that SWC6
interacted with HY5 and HYH (Figure 6C), and that the C
terminus of HY5 mediated its interaction with SWC6
(Supplemental Figure S13C). Further pull-down assays
showed that ARP6 also interacted with HY5 and HYH
(Figure 6D). Next, we carried out split-LUC assays, and found
that SWC6 and ARP6 interacted with both HY5 and HYH,
respectively (Figure 6, E-H). To further confirm the SWC6-
HY5 and ARP6-HY5 interactions in vivo, we generated
transgenic Arabidopsis overexpressing SWC6-Myc and Flag-
HY5 (SWC6-Myc-OX/Flag-HY5-OX) or ARP6-YFP and Flag-
HY5 (ARP6-YFP-OX/Flag-HY5-OX) and performed co-IP
assays. The results showed that HY5 interacted with both
SWC6 and ARP6 in vivo (Figure 6, | and ).

Given that ARP6 physically interacts with HY5 and HYH
(Figure 6), we next examined the genetic interaction be-
tween ARP6 and HY5/HYH by constructing the arp6 hy5
hyh triple mutant through genetic crossing. Hypocotyl phe-
notype analysis showed that the arp6 hy5 hyh triple mutant
developed significantly taller hypocotyls than either arp6 or
hy5 hyh mutant under BL (Supplemental Figure S6, C and
D). These results suggest that ARP6 and HY5 may not only
function in the same pathway, but in separate pathways to
regulate hypocotyl development as well in BL.

BL-activated CRY1 likely enhances the association of
SWC6 with ARP6

To explore whether SWC-ARP6 interaction would be af-
fected by CRY1, we first performed semi-in vivo pull-down
assays using MBP-ARP6 protein as bait, and the Arabidopsis
protein extracts containing SWC6-Flag protein plus or minus
CRY1 as prey, which were prepared from the DK-adapted
seedlings overexpressing SWC6-Flag in Myc-CRY1-overexpres-
sor background (SWC6-Flag-OX/Myc-CRY1-OX) or cryl cry2
mutant background (SWC6-Flag-OX/cry1 cry2) exposed to
different fluence rates of BL. The results showed that the ca-
pacity of MBP-ARP6 binding to SWC6-Flag was much more
enhanced in SWC6-Flag-OX/Myc-CRY1-OX than in SWCé6-
Flag-OX/cry1 cry2 seedlings (Figure 7, A and B). We then
performed co-IP assays using N. benthamiana leaves
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assays. bZIP denotes basic leucine zipper domain. B, LexA yeast two-hybrid assays showing interactions of SWC6 with HY5 and HYH. Yeast cells
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immunoblots probed with anti-Flag and -YFP antibodies (J).

expressing SWC6-Flag and ARP6-YFP plus Myc-CRY1, or
Myc-B-galactosidase (GUS), and found that SWCé6-Flag inter-
acted with ARP6-YFP much more strongly in the presence
of Myc-CRY1 than in the presence of Myc-GUS control
(Figure 7C). Furthermore, we performed co-IP assays with
Myc-CRY1-OX and cryT cry2 mutant protoplasts coexpress-
ing SWC6-Flag and ARP6-YFP and found that much more

SWC6-Flag was coimmunoprecipitated with ARP6-YFP in
Myc-CRY1-OX protoplasts irradiated with BL than adapted
in DK (Figure 7D), whereas similar amount of SWC6-Flag
was coimmunoprecipitated with ARP6-YFP in cryT cry2 pro-
toplasts either adapted in the DK or exposed to BL
(Figure 7E). Taken together, these results demonstrate that
BL-activated CRY1 may enhance the association of SWC6
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Figure 7 CRY1 likely enhances the association of SWC6 with ARP6. A and B, Semi-in vivo pull-down assays showing that CRY1 may promote
SWC6-ARPG6 interaction in a BL fluence rate-dependent manner. MBP-ARP6 protein served as bait. SWC6-Flag protein extracts prepared from
SWC6-Flag-OX/Myc-CRY1-OX and SWC6-Flag-OX/cry1 cry2 seedlings adapted in DK for 2d and then exposed to different fluence rates of BL for
1h served as preys. C, Co-IP assays showing that CRY1 may promote the interaction of SWC6 with ARP6 in N. benthamiana. SWCé6-Flag and
ARP6-YFP were coexpressed with Myc-GUS or Myc-CRY1 in N. benthamiana leaves, respectively. ARP6-YFP served as bait, and SWC6-Flag served
as prey. Myc-GUS and Myc-CRY1 were detected with anti-Myc antibody. D and E, Co-IP assays showing CRY1 promotion of the association of
SWC6 with ARP6 by BL in Arabidopsis protoplasts. SWC6-Flag and ARP6-YFP were coexpressed in Myc-CRY1-OX (D) and cry1 cry2 protoplasts (E).
The transformed protoplasts were DK-adapted for 16 h, and then exposed to BL (30 umol/m?/s) or still adapted to DK for 1h. SWC6-Flag served
as prey and ARP6-YFP served as bait. F and G, A model illustrating how CRY1 mediates regulation of H2A.Z deposition at HY5 target loci. In DK,
CRY1 is inactive and unable to interact with COP1 and SWC6/ARPG6 to regulate their activities. COP1 is fully functional, while SWR1 complex is
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Inhibited hypocotyl elongation

with  ARP6 through BL-dependent CRY1-SWC6/ARP6  Wigge, 2010). Whether SWR1 complex-mediated H2A.Z de-
interactions. position is involved in light signaling is largely unknown.

] . In this study, we identified the core subunits of SWR1
Discussion

complex SWC6 and ARP6 as CRY1-interacting proteins and

Light and temperature are the two key environmental fac-  demonstrate that CRY1 and CRY2 interact with SWC6 and

tors that fundamentally influence plant growth and develop-
ment. Since these factors fluctuate widely, plants have
evolved a variety of receptors and regulatory protein com-
plex that enable plants to respond rapidly and accurately to
the ambient temperature and light, and fine tune the status
of growth and development. They include the multiple pho-
toreceptors that sense light signals, phyB, and ELF3 that
sense temperature (Jung et al, 2016; Legris et al, 2016; Jung
et al, 2020), and the SWR1 complex that mediates H2A.Z
deposition and thermosensory responses (Kumar and

ARP6 in a BL-dependent manner, respectively (Figures 1 and
2; Supplemental Figures S1-S3). The significance of these
interactions was tested as follows. (1) SWC6, ARP6, and
H2A.Z function to promote photomorphogenesis character-
ized by inhibited hypocotyl elongation and enhanced chlo-
rophyll accumulation in BL (Figure 3; Supplemental Figure
S5A), and ARP6 acts in the same pathway of CRY1/CRY2 to
repress hypocotyl elongation under BL (Supplemental Figure
S6, A and B). (2) CRYs, ARP6, and HY5/HYH coregulate a
large number of genes in the same direction in BL, some of
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which are associated with cell elongation and chlorophyll
biosynthesis (Figure 4; Supplemental Figures S8 and S9). (3)
Both ARP6 and SWC6 are essential for H2A.Z deposition at
representative HY5-taget genes involved in hypocotyl elon-
gation and chlorophyll biosynthesis under BL (Figure 5, B-D;
Supplemental Figure S10), and CRY1/CRY2 are responsible
for mediating BL-enhanced H2A.Z deposition at HY5 target
genes such as EXP2, IAA19, and XTH33 (Figure 5, E-G).
Interestingly, H2A.Z represses the expression of genes pro-
moting cell elongation such as EXP2, IAA19, and XTH33, but
promotes the expression of genes involved in chlorophyll
biosynthesis and photosynthesis such as HEMA7T and
RBCAST (Supplemental Figures S8 and S9). Based on previ-
ous studies showing that H2A.Z deposition leads to repres-
sion of gene expression or constitutive transcriptional
competence (Deal et al, 2007; Kumar and Wigge, 2010; Dai
et al, 2017; Su et al, 2017), and our results, we postulate
that CRY1-mediated BL signaling promotes H2A.Z deposi-
tion at HY5 target genes to regulate their expression and
promote photomorphogenesis under BL.

How does CRY1 regulate H2A.Z deposition? In mammals,
PCl domain-containing protein 2 interacts with ZNHIT1 (ho-
molog of SWC6) to inhibit its interaction with SRCAP (ho-
molog of SWR1), which represses the SRACR activity and
H2A.Z deposition (Ye et al, 2017). In yeast, SWC6 and ARP6
subunits interact with each other and are mutually depen-
dent for their associations with the core catalytic subunit of
SWR1 complex, Swr1 ATPase (Wu et al, 2005), indicating
that the SWC6-ARP6 interaction may affect their interac-
tions with Swr1 to maintain the SWR1 complex activity.
The cryo-electron microscopy analysis of the structure of
yeast SWR1-nucleosome complex demonstrates that SWC6
and ARP6 form a tight heterodimer for H2A.Z exchange ac-
tivity (Willhoft et al, 2018). In mammals, the phosphoryla-
tion of ZNHIT1 is essential for its interaction with ARPG,
and the dephosphorylation of ZNHIT1 abolishes its interac-
tion with ARP6 and H2A.Z deposition (Cuadrado et al,
2010). Based on these reports and the following demonstra-
tions, we speculate that CRY1 promotion of H2A.Z deposi-
tion may be mediated through promotion of SWR1
complex activity by BL-dependent interactions of CRY1 with
SWC6 and ARPG. (1) Both SWC6 and ARP6 are essential for
H2A.Z deposition at the HY5 target genes promoting photo-
morphogenesis under BL (Figure 5, B-D; Supplemental
Figure S10). (2) CRY1 mediates BL-enhanced H2A.Z deposi-
tion (Figure 5, E-G). (3) CRY1 interacts with both SWC6
and ARP6 in a BL-dependent manner, which may enhance
the association of SWC6 with ARP6 (Figure 7, A—E).

It is interesting to note that SWC6, ARP6, and H2A.Z also
act to promote photomorphogenesis in RL and FRL
(Figure 3, E-H and M-P), and that phyB and phyA may in-
teract with SWC6 and ARP6, respectively (Supplemental
Figure S7). Previous studies have demonstrated that both
CRY and phytochrome interact with COP1 and SPAs to reg-
ulate photomorphogenesis (Seo et al., 2004; Jang et al., 2010;
Lu et al, 2015; Sheerin et al, 2015), and that both CRY and
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phyB interact directly with AUX/IAA proteins in a BL and
RL-dependent manner, respectively, to stabilize these pro-
teins and inhibit auxin signaling (Xu et al, 2018).
Furthermore, both CRY and phyB interact with BES1/BZR1
to inhibit brassinosteroid signaling (Wang et al,, 2018b; Wu
et al, 2019; Dong et al., 2020). Given these reports and the
findings obtained in this study, it is possible that phyB and
phyA may also interact with SWC6 and ARP6 to regulate
H2A.Z deposition at HY5 target genes and photomorpho-
genesis in RL and FRL.

To mediate H2A.Z deposition at target genes, SWR1 com-
plex has to be recruited to the target genes. It has been
demonstrated that transcription factors can interact with
SWR1 complex subunits including SWC6 and ARP6 to re-
cruit it to the target gene loci (Lee and Seo, 2017; Su et al,,
2017; Tong et al.,, 2020). Moreover, the chromatin remolding
factor PICKEL is recruited by HY5 at its target loci including
EXP2 and IAA19 (Jing et al, 2013). In this study, we demon-
strate that HY5 is responsible for recruiting SWR1 complex
at its target loci under BL to deposit H2A.Z (Figure 5, H-)).
A previous study shows that HY5 does not possess the tran-
scription activation or repression domain (Ang et al., 1998),
and it has been hypothesized that HY5 may activate and re-
press target gene expression through binding to its partners,
which is regulated by light (Kindgren et al, 2012; Burko
et al, 2020). SWC6 and ARP6 may be such partners of HY5,
which mediate HY5 repression of its target genes promoting
cell elongation by promoting H2A.Z deposition in light.

The loss of function of either SWC6 or ARP6 leads to a se-
vere decrease in H2A.Z deposition at HY5 target loci such as
EXP2, IAA19, XTH33, HEMAT1, and RBCSTA under BL
(Figure 5, B-D; Supplemental Figure S10), indicating that
both SWC6 and ARP6 are essential for H2A.Z deposition. By
contrast, H2A.Z deposition at HY5 target loci and SWC6 as-
sociation with HY5 target loci in hy5 hyh mutant back-
ground are not severely reduced (Figure 5 H-J and M),
implying that HY5 and HYH are not exclusively responsible
for H2A.Z deposition at HY5 target loci. Moreover, the ge-
netic interaction analysis showing that arp6 hy5 hyh mutant
hypocotyls are significantly longer than those of the hy5 hyh
mutant in BL (Supplemental Figure S6, C and D) indicates
that other transcription factors may be involved in ARP6-
mediated regulation of hypocotyl growth. Indeed, it has
been shown that many HY5 target genes including the three
representative HY5 target genes used in our ChIP-gPCR
assays are also the target genes of other transcriptional fac-
tors acting in light and/or phytohormone signaling. For
examples, IAAT9 is the shared direct target gene of HYS5,
PIF4, ARF6, and BZR1 which are able to bind T/G-box
(CACGTT) and E-box (CAATTG), and its expression is coop-
eratively regulated by these transcriptional factors (Oh et al,
2012, 2014). EXP2 and XTH33 are also the direct target genes
of HY5 and PIF4 (Kurihara et al, 2014; Pedmale et al., 2016).
Based on these reports and our findings, we postulate that,
besides HY5, other transcriptional factors may participate in
the recruitment of SWR1 complex to their shared target loci
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and mediate H2A.Z deposition. Our results indicate that
SWC6, ARP6, and H2A.Z may promote chlorophyll biosyn-
thesis through HY5 (Supplemental Figure S5A). However,
consistent with a previous study showing H2A.Z inhibition
of anthocyanin accumulation in white light (Cai et al, 2019),
they also repress anthocyanin production in BL in this study
(Supplemental Figure S5B), indicating that SWC6, ARP6, and
H2A.Z repression of anthocyanin biosynthesis may not pro-
ceed through HY5. Further studies will be needed to clarify
this complication.

In this study, we show that H2A.Z deposition at HY5 tar-
get loci is positively correlated with HY5 protein levels
(Figure 5, E-G and K). Given that CRY1 can promote HY5
accumulation in response to BL by interacting with COP1 to
inhibit its activity on HY5 (; Osterlund et al, 2000; Seo et al,
2003), we propose that CRY1 regulation of H2A.Z deposition
at HY5 target genes may be mediated through two simulta-
neous pathways: CRY1-SWCG6/ARP6-HY5 and CRY1-
COP1-HY5 (Figure 7, F and G). In DK, CRY1 is inactive and
unable to interact with COP1 and SWC6/ARP6 to regulate
their activities (Yang et al, 2001; Holtkotte et al, 2017; this
report). As a result, COP1 is fully functional, whereas the
SWR1 complex is not. HY5 undergoes ubiquitination and
degradation, thus barely accumulates. Consequently, the
SWR1 complex can hardly be recruited to HY5 target loci to
mediate H2A.Z deposition, leading to active expression of
HY5 target genes promoting cell elongation and enhanced
hypocotyl elongation (Figure 7F). Under BL, CRY1 becomes
activated, and it on the one hand may enhance the activity
of SWC6 and ARP6 to promote H2A.Z deposition by inter-
acting with SWC6 and ARP6 (this report). On the other
hand, it interacts with COP1 to inhibit its activity and pro-
mote its translocation from the nucleus to the cytoplasm to
promote HY5 accumulation (Osterlund and Deng, 1998;
Yang et al, 2001; Holtkotte et al, 2017) and enhance the re-
cruitment of SWR1 complex (this report). These combined
effects of the direct interaction of CRY1 with SWR1 complex
and increased recruitment of SWR1 complex to HY5 target
loci by CRY1 may contribute to the promotion of H2A.Z de-
position and subsequent repression of the expression of
HY5 target genes and hypocotyl elongation (Figure 7G).
How exactly CRY1 regulates SWR1 complex activity is not
clear and awaits further investigation in future studies.

Materials and methods

Plant materials and growth conditions

All Arabidopsis thaliana plants used in this study were of
the Columbia ecotype. The cry1 cry2 (hy4-104 cry2-1), phyA
phyB (phyA-211 phyB-9), hy5 hyh, swc6 (SAIL_536_A05),
arp6  (GARLIC_599_G03), hta9 (SALK_054814), htall
(SALK_031471C), and transgenic lines overexpressing Myc-
tagged full-length CRY1 and CRY2 (Myc-CRY1-OX and Myc-
CRY2-OX) were described previously (Nagatani et al, 1993;
Reed et al, 1993; Bruggemann et al, 1996; Guo et al,, 1998;
Deal et al, 2005 Mao et al, 2005; Sang et al, 2005; March-
Diaz et al, 2007; Lian et al, 2018). The hta9 hta11, cry1 cry2
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arp6, and hy5 hyh arp6 mutants were generated by genetic
crossing and confirmed by phenotypic analyses and DNA
genotyping. All the primers for genotyping are listed in
Supplemental Data Set S3.

The expression cassettes 355:SWC6-Flag and 35S:ARP6-
Flag were cloned into pHB (restriction sites used for cloning
are described in Supplemental Data Set S3; Mao et al,
2005), which were introduced into WT, swc6, arpé6, cryl
cry2, hy5 hyh mutants, Myc-CRY1-OX, and Myc-CRY2-OX
backgrounds to generate transgenic lines overexpressing
SWCé6-Flag and ARP6-Flag (SWC6-Flag-OX, SWC6-Flag-OX/
swc6, SWC6-Flag-OX/cry1 cry2, SWC6-Flag-OX/hy5 hyh,
SWC6-Flag-OX/Myc-CRY1-OX, and SWC6-Flag-OX/Myc-CRY2-
OX, ARP6-Flag-OX, ARP6-Flag-OX/arp6, ARP6-Flag-OX/Myc-
CRY1-OX, and ARP6-Flag-OX/Myc-CRY2-OX), respectively.
The expression cassette 35S::Flag-HYS was cloned into pHB,
which was introduced into WT and hy5 mutant background
to generate Flag-HY5-OX and Flag-HY5-OX/hy5 plants. The
expression cassette 355:SWC6-Myc and 35S:ARP6-YFP were
cloned into pKYL71, which were introduced into swc6 and
arp6 mutants and Flag-HY5-OX backgrounds to generate
SWC6-Myc-OX/swc6, SWC6-Myc-OX/Flag-HY5-OX, ARP6-YFP-
OX/arp6, and ARPG6-YFP-OX/Flag-HY5-OX plants, respectively.
All primers and restriction sites used for vector construction
are listed in Supplemental Data Set S3.

The growth condition and light sources were as described
previously (Xu et al, 2018). Briefly, sterilizing seeds were
kept in 4°C for 2d and grown on half Murashige and Skoog
(MS) medium (Murashige and Skoog, PhytoTech, Overland
Park, KS, USA ; M524) plus 1% sucrose with 0.7% agar at
22°C under white light (100 pmol/m?/s). Monochromatic
BL, RL, and FRL illumination using in this study were de-
scribed previously (Wang et al, 2018b). Light intensity was
measured with an ILT2400-A quantum photometer (LI-COR
Biosciences, Lincoln, NE, USA).

Yeast two-hybrid assays

The Arabidopsis cDNA library cloned into the prey vector
pGADT7 (AD; cDNAs were ligated into the Sfil site) was
constructed by Shanghai OE BioTech previously. The bait
plasmid pGBKT7-CNT1 (BD-CNT1) and the prey library
DNA were cotransformed into yeast strain AH109 (S. cerevi-
siae). The yeast two-hybrid screening and interaction assays
were performed as described previously (Wang et al,
2018b). For GAL4 yeast two-hybrid assays, AD-CRYT,
BD-CRY2, and BD-CNT1 constructions were described previ-
ously (Wang et al, 2018b). The cDNA fragment of SWC6
was cloned into the AD and BD vectors. Transformed yeast
cells were spread on Synthetic Drop-out (SD;
—Trp—Leu—His—Ade) medium supplemented with 0 or 5
or 10mM 3-amino-1,2,4-triazole (3-AT), and then one half
of these plates were exposed to BL (30 pmol/m?/s) and the
other half were kept in the DK for the interaction test. For
LexA yeast two-hybrid assays, the cDNA sequences encoding
full-length and truncated SWC6 were cloned into pEG202 to
generate the corresponding LexA constructs, which were
cotransformed with pJG4-5 vectors expressing B42AD-HY5
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and B42AD-HYH (Lian et al, 2018) into EGY48 yeast cells.
Transformed  colonies  were  selected on  SD
(—=Trp—His—Ura) medium. Six independent clones were se-
lected to grow on SD (—Trp—His—Ura) medium with
80mg/L X-gal (TaKaRa, Kyoto, Japan) for the interaction
test.

Pull-down assays with proteins expressed in
Escherichia coli

Pull-down assays were performed as described previously
with minor modifications (Mao et al, 2020). The pCold-TF-
CNT1, pCold-TF-CCT1, pCold-TF-CNT2, and pCold-TF-CCT2
constructions were described previously (Du et al, 2020).
The cDNAs encoding SWC6, ARP6, and HY5/HYH were
cloned into pGEX-4T-1 (GE Healthcare Life Sciences,
Marlborough, MA, USA) pMAL-c2X (New England Biolabs
[NEB], Ipswich, MA, USA), and pCold-TF (TaKaRa), respec-
tively. His-TF-CNT1, His-TF-CCT1, His-TF-CNT2, His-TF-
CCT2, His-TF-HY5, His-TF-HYH, His-TF, GST-SWC6, and
MBP-ARP6 proteins were expressed in E. coli strain Rosetta.
In vitro pull-down assay were as described previously (Xu
et al, 2018). For GST pull-down and MBP pull-down assays,
MagneGST™ Glutathione Particles (Promega, Madison, WI,
USA; V8611) and Amylose Magnetic Beads (NEB; E8035S)
were used. Prey proteins were detected with anti-His anti-
body (GenScript, A00186).

Split-LUC assays

For the split-LUC assays, the constructs expressing the
cDNAs encoding HY5/HYH, SWC6/ARP6, phyB, and phyA
were cloned into pCambia1300-nLUC and pCambia1300-
cLUC (Chen et al., 2008), respectively. These constructs to-
gether with those expressing CRY1-nLUC, CRY2-nLUC,
CNT1-nLUC, CCT1-nLUC, CNT2-Nluc, and CCT2-nLUC (Du
et al, 2020) were cotransformed into Agrobacterium tumefa-
ciens strain GV3101. GV3101 cells transformed with the indi-
cated combination of nLUC- and cLUC-fused proteins were
mixed at a ratio of 1:1 and introduced into N. benthamiana
leaves. After infiltration for 2-3 d, the N. benthamiana leaves
were incubated with 1 mM D-luciferin sodium salt substrate
(Yeasen, New York, NY, USA) and treated in DK for 10 min,
and then the LUC signal was collected by a luminescence
imaging workstation (Tanon 5200).

Semi-in vivo pull-down assays with Arabidopsis
protein extracts

For BL specific CRY1/CRY2-SWC6 and CRY1-ARP6 interac-
tions assays, bait GST-SWC6 and MBP-ARP6 proteins were
incubated with 15uL Glutathione Particles (Promega;
V8611) and 15uL Amylose Magnetic Beads (NEB; E8035S)
for 2h and washed 3 times with lysis buffer. The preys were
protein extracts from Myc-CRY1-OX and Myc-CRY2-OX seed-
lings that were DK-adapted for 2d and then either exposed
to 30umol/m’/s  (Myc-CRY1-OX) or 20 pumol/m®/s BL
(MG132-pretreated Myc-CRY2-0X), 30 pmol/m?/s RL, or
10 umol/m?/s FRL or still adapted in DK for 1h. For the
assays of BL exposure time effects on CRY1-SWC6/ARP6
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interactions, the preys were protein extracts were prepared
from Myc-CRY1-OX seedlings adapted in the DK for 2d and
then either adapted in DK or exposed to different time of
BL (30 umol/m?/s). For the assays of BL fluence rate effects
on CRY2-SWC6 interaction, the preys were protein extracts
prepared from Myc-CRY2-OX seedlings adapted in the DK
for 2d and then either exposed to the indicated fluence
rates of BL or still adapted in DK for 1h. The procedures for
interaction detection were described previously (Du et al,
2020). Prey proteins were detected using anti-Myc antibody
(Millipore, Burlington, MA, USA; 05-724).

Co-IP assays

Co-IP assays using Arabidopsis seedlings were performed as
described previously (Mao et al,, 2020). For the assays of BL-
induced CRY1/CRY2-SWC6/ARP6 interactions, SWC6-Flag-
OX/Myc-CRY1-OX, SWC6-Flag-OX/Myc-CRY2-OX, ARP6-Flag-
OX/Myc-CRY1-OX, ARP6-Flag-OX/Myc-CRY2-OX, Myc-CRY1-
OX, and Myc-CRY2-OX transgenic seedlings were grown in
white light (100 pmol/m?/s) for 5d and then adapted in DK
for 2d. After treated with 100 uM MG132 for 4 h, one half
of the seedlings were exposed to 30 pimol/m?/s BL for 1h,
and the other half were adapted in DK for 1h. Total pro-
teins were extracted with lysis buffer and incubated with
10 pL anti-Flag beads (Sigma, St. Louis, MO, USA) for 1h at
4°C. The immunoprecipitates were washed 2-3 times with
lysis buffer. The precipitates were eluted into 3x Flag pep-
tide (Sigma) and subjected to immunoblot analysis with
anti-Flag (Sigma) and anti-Myc (Millipore) antibodies. For
the assays of BL-specific CRY1/CRY2-SWC6 interactions,
5-d-old white light-grown SWC6-Flag-OX/Myc-CRY1-OX and
SWC6-Flag-OX/Myc-CRY2-OX seedlings were adapted in DK
for 2d and then either exposed to 30 umol/m?/s (SW(6-
Flag-OX/Myc-CRY1-OX) or 20pumol/m?/s BL (MG132-pre-
treated SWC6-Flag-OX/Myc-CRY2-0X), 30 umol/m?/s RL, or
10 umol/m?/s FRL or still adapted in DK for 1h. For the
assays of the influence of BL exposure time on CRY1-SWC6
interaction, 5-d-old white light-grown SWC6-Flag-OX/Myc-
CRY1-OX seedlings were DK-adapted for 2d and then either
adapted in DK or exposed to different time of BL (30 pmol/
m?/s). For the assays of the influence of BL intensity on
CRY2-SWC6 interaction, 5-d-old white light-grown SWCé-
Flag-OX/Myc-CRY2-OX seedlings were DK-adapted for 2d
and then either exposed to the indicated fluence rates of BL
or still adapted in DK for 1h.

For co-IP assay of the interaction of HY5 with SWC6, Flag-
HY5-OX, and SWC6-Myc-OX/Flag-HY5-OX seedlings were
grown in BL (30 umol/m®/s) for 7d, followed by IP with
anti-Myc antibody (Millipore). The IP (SWC6) and co-IP sig-
nals (HY5) were detected by immunoblots probed with
anti-Myc and -Flag antibodies. For co-IP assay of the interac-
tion of HY5 with ARP6, ARP6-YFP-OX, and ARPG-YFP-OX/
Flag-HY5-OX seedlings were grown in BL (30 umol/m?/s) for
7d, followed by IP with an anti-Flag antibody (Sigma;
F3165). The IP (HY5) and co-IP signals (ARP6) were detected
by immunoblots probed with anti-Flag and -GFP (Abmart,
Shanghai, China; M20009) antibodies.
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Hypocotyl length measurements

Sterilized Arabidopsis seeds were grown on half MS plates,
kept in 4°C for 2d, and illuminated for 12 h before trans-
ferred to continuous BL condition (30 pmol/m?/s). Five to
six days later, the hypocotyl lengths were measured with
Image) software (http://rsbweb.nih.gov/ij/).

Chlorophyll and anthocyanin measurements
Chlorophyll measurements were performed as described
with minor modifications (Burko et al, 2020). About 0.1g
seedlings were extracted in 1.5mL of ice-cold 80% acetone
overnight at 4°C, and then debris was removed by centrifu-
gation. Chlorophyll was measured with a spectrophotome-
ter, and contents were calculated. Anthocyanin
measurements were performed as described with minor
modifications (Lian et al, 2018). Thirty seedlings were incu-
bated in 600 L 1% HCl diluted with methanol for 12h at
4°C. After chloroform extraction, anthocyanin in aqueous
phase was used to measure absorbance at 530 and 657 nm
and calculated as equation: (A530—A657) g ' FW. FW
denotes the fresh weight of 30 seedlings. Data are repre-
sented as the mean values = SD of triplicates (n = 3).

RNA-Seq data processing

WT, cry1 cry2, hy5 hyh, and arp6 seeds were germinated on
half MS plates plus 1% sucrose and placed at 4°C for 3d
and then transferred to white light for 12 h before placed in
BL (30 umol/m?/s) for another 5d. The RNA-seq was per-
formed and analyzed as described previously (Xu et al,
2018). Total RNA was extracted using the mirVana miRNA
Isolation Kit (Ambion, Austin, TX, USA) following the manu-
facturer’s protocol. RNA integrity was evaluated using the
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA). The samples with RNA Integrity Number >7
were subjected to the subsequent analysis. The libraries
were constructed using TruSeq Stranded mRNA LTSample
Prep Kit (lllumina, San Diego, CA, USA) according to the
manufacturer’s instructions. Then these libraries were se-
quenced on the lllumina sequencing platform (HiSeqTM
2500 or lllumina HiSeq X Ten) and 125/150 bp paired-end
reads were generated. Raw data (raw reads) were processed
using Trimmomatic. The reads containing ploy-N and the
low-quality reads were removed to obtain the clean reads.
Then the clean reads were mapped to reference genome us-
ing hisat. FPKM and read count value of each transcript
(protein coding) were calculated using bowtie2 and eXpress.
DEGs were identified using the DESeq functions
estimateSizeFactors and nbinomTest. Genes with FC > 1.5 or
FC < 2/3, and P-value < 0.05 were defined as DEGs. Venn di-
agram was generated in Venny (http://bioinfogp.cnb.csicees/
tools/venny/index.html). Heatmap was generated with hier-
archical clustering analysis by MeV version 4.7 software. GO
analysis was performed in agriGO (http://bioinfo.cau.edu.cn/
agriGO/).

Z. Mao et al.

RT-gPCR

Total RNAs were isolated with RNAprep Plant kit
(TIANGEN, DP441) and then reverse-transcribed to cDNA
using an iScript cDNA Synthesis kit (BioRad, Hercules, CA,
USA; 170-8891). RT-qPCR was performed using TB Green
Premix Ex Taq Il (TaKaRa; RR820) on a CFX96 connect real-
time PCR detection system (Bio-Rad). The reaction program
is as follows: one cycle for 30s at 94°C, 40 cycles for 5s at
94°C, and then 30s at 60°C. The relative quantification was
calculated with the 2724 method using PP2A as the refer-
ence genes. Data are represented as the mean values = SD
of triplicates (n=3). The primers used are listed in
Supplemental Data Set S3.

ChIP-qPCR

ChIP-gPCR assays were performed as described previously
with minor modification (Mao et al, 2020). Briefly, 5-d-old
white light-grown WT, cry1 cry2, hy5 hyh, arp6, Flag-HY5-
OX, SWC6-Flag-OX, and SWC6-Flag-OX/hy5 hyh seedlings
were kept in DK for 2d, and then either exposed to BL
(50 umol/m?/s) or still adapted in DK for 6 h. The seedlings
were harvested in dim green safe light and cross-linked with
1% formaldehyde in fixation solution. Chromatin extracts
were sheared into 500-1,000 bp fragments with a sonicator
(Diagenode, Bioruptor Plus). The sonicated chromatin com-
plex was immunoprecipitated by anti-HTA9 antibody
(PhytoAB, PHY0860S, 1:250)-bound Dynabeads Protein G
(Life Technologies, Carlsbad, CA, USA; 10004D) or anti-Flag
agarose beads (Sigma; M8823). The DNA purification and
results analysis were performed as described previously
(Zhang et al, 2014). The relative enrichment was normalized
to the IP/Input of AT4G07700 (negative control).

Statistical analysis

For multiple comparisons, significant differences between
different samples were analyzed by one-way analysis of vari-
ance (ANOVA) followed by least significant difference (LSD)
test (P<0.05) using IBM SPSS Statistics software. For
Student’s t-test, different lowercase letters above the bars in-
dicate significantly different groups: ‘P < 0.05 and ~ P < 0.01.
Detailed statistical data with ANOVA data and Student’s
t-test for all of the relevant figures are listed in the
Supplemental Data Set S4.

Accession numbers

Sequence data from this article can be found in the EMBL/
GenBank database or the Arabidopsis Genome Initiative
database under the following accession numbers: CRY1
(AT4G08920), CRY2 (AT1G04400), SWC6 (AT5G37055), ARP6
(AT3G33520), HTA9 (AT1G52740), HTA11 (AT3G54560), HY5
(AT5G11260), HYH (AT3G17609), EXP2 (AT5G05290), IAA19
(AT3G15540), XTH33 (AT1G10550), HEMAT (AT1G58290),
RBCS1A (AT1G67090), PP2A (AT1G13320), AT4G07700. RNA-
seq data have been deposited into the BioProject with the
following accession numbers: BioProject (PRJNA701118),
BioSample (SAMN17847966), and SRA (SRR13674696-
SRR13674707).
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Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Yeast two-hybrid assays showing
the C terminus-mediated interactions of SWC6 with CRY1
and CRY2 (supports Figure 1).

Supplemental Figure S2. Pull-down and split-LUC assays
showing that both N and C termini of CRY1 and CRY?2 in-
teract with SWC6 and ARP6 (supports Figures 1 and 2).

Supplemental Figure S3. Semi-in vivo pull-down assays
showing the BL-specific interactions of CRY1-SWC6 and
CRY2-SWC6 (supports Figure 1).

Supplemental Figure S4. SWC6 and ARP6 act to nega-
tively regulate hypocotyl elongation in BL (supports
Figure 3).

Supplemental Figure S5. SWC6, ARP6, and H2A.Z act to
positively regulate chlorophyll biosynthesis, but negatively
regulate anthocyanin accumulation in BL (supports
Figure 3).

Supplemental Figure S6. ARP6 may act in the same
pathway of CRY1 and CRY2 to regulate hypocotyl elonga-
tion in BL via HY5-dependent and -independent pathways
(supports Figure 3).

Supplemental Figure S7. phyB and phyA likely interact
with SWC6 and ARP6 (supports Figure 3).

Supplemental Figure S8. RT-qPCR analyses showing that
expression of genes promoting cell elongation is repressed
by CRYs, ARP6, and HY5/HYH (supports Figure 4).

Supplemental Figure S9. RT-qPCR analyses show that ex-
pression of genes involved in chlorophyll biosynthesis and
photosynthesis is promoted by CRYs, ARP6, and HY5/HYH
(supports Figure 4).

Supplemental Figure S$10. ChIP-qPCR analyses showing
the role of SWC6 and ARP6 in H2A.Z deposition at HEMA1
and RBCS1A loci (supports Figure 5).

Supplemental Figure S11. Immunoblot analyses of nu-
clear extracts in ChIP-qPCR assays (supports Figure 5).

Supplemental Figure S12. Yeast two-hybrid assays show-
ing the C terminus-mediated interaction of SWC6 with HY5
(supports Figure 6).

Supplemental Figure S13. Yeast two-hybrid and pull-
down assays showing the C terminus-mediated interaction
of HY5 with SWC6 (supports Figure 6).

Supplemental Data Set S1. List of 1879 genes coregulated
by CRYs and ARP6 (supports Figure 4).

Supplemental Data Set S2. List of 2,051 genes coregu-
lated by ARP6 and HY5/HYH (supports Figure 4).

Supplemental Data Set S3. All the primers used in this
study.

Supplemental Data Set S4. ANOVA results and Student’s
t-test for the data shown in figures.
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