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SUMMARY

Circadian clock controls daily behavior and physiology. The activity of various
signaling pathways affects clock gene expression. Here, we show that the core
circadian clock gene CRY1 is a direct target of the Hippo pathway effector
YAP. YAP binds to TEADs and occupies the proximal promoter regions of
CRY1, positively regulating its transcription. Interestingly, we further identified
that CRY1 acts in a feedback loop to fine-tune Hippo pathway activation by modu-
lating the expression of YAP and MOB1. Indeed, loss of CRY1 results in enhanced
YAP activation. Consistently, we found that YAP levels and activity control clock
gene expression and oscillation in synchronized cells. Furthermore, in breast can-
cer cells, CRY1 downregulation causes YAP/TAZ hyperactivation and enhanced
DNA damage. Together, our findings provide a direct mechanistic link between
the Hippo pathway and the circadian clock, where CRY1 and Hippo components
form an orchestrated signaling network that influences cell growth and circadian
rhythm.

INTRODUCTION

The evolutionarily conserved Hippo pathway controls development, organ size, and regeneration by regu-
lating cell proliferation and survival."” In mammals, the core Hippo pathway components include the
Ste20-like kinase MST1/2 and SAV1 complex, which binds to and phosphorylates the large tumor suppres-
sor 1/2 kinases (LATS1/2) and the scaffolding proteins MOB1A/B. Activation of LATS1/2, in turn, phosphor-
ylates and inactivates the transcriptional co-activators YAP and TAZ (WWTR1). LATS1/2-mediated YAP
Ser127 and TAZ Ser89 phosphorylation restrict their nuclear localizations by cytoplasmic sequestration.”™
In differentiated cells, YAP and TAZ are usually inactivated by the Hippo pathway to maintain cellular quies-
cence. However, during development or upon tissue injury, the Hippo pathway could be suppressed, lead-
ing to YAP/TAZ activation to promote cellular growth and differentiation, stem cell self-renewal, and tissue
repair.”

Hippo pathway has been shown to play an important role in tumorigenesis. Indeed, many reports have
shown that hyperactivated YAP/TAZ promotes tumor development, metastasis, and therapeutic resis-
tance.® For example, amplification of a genomic region containing YAP enhances cell proliferation in
medulloblastoma.” In addition, elevated YAP expression and protein levels have been observed in many
cancers, including lung, prostate, ovarian, and liver cancers.®'" Although most of the studies support
the tumor-promoting function of YAP and TAZ, recent findings have also suggested a tumor suppressive
function of YAP in several cancers such as multiple myeloma.'"'?

YAP and TAZ act as transcriptional coactivators to DNA-binding transcription factors, such as TEAD pro-
teins.”® These complexes occupy mainly proximal promoter and distal enhancer regions, and regulate
the expression of target genes associated with cell growth, survival, and migration.'* Besides TEAD,
YAP/TAZ could interact with other transcription factors, including RUNX2 and SMAD, to regulate expres-
sion of different target genes.'”'® Because of the diversity of the transcriptional output of the Hippo
pathway, the nature and the exact function of their target genes in specific tissue and context require
detailed characterization. TEAD-YAP complex could regulate transcription of target genes involved in
diverse cellular functions,'* beyond regulation of cell growth, migration, and survival.
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Figure 1. YAP is a direct transcriptional regulator of CRY1

(A) Bar graphs showing mRNA levels of CTGF, CRY1, and CRY2 quantified by g-PCR in HEK-293A WT and LATS1/2 knockout cells. n = 3 (biological repeats)
for each condition. Values were expressed as mean =+ standard error (SEM). Unpaired t-test, *, p<0.05, **, p<0.01.

(B) Lysates from HEK293A cells (WT and LATS1/2 knockout) were separated using SDS-PAGE and blotted with the indicated antibodies.

(C) Downregulation of YAP alters CRY1 RNA and protein levels. Bar graph showing mRNA levels of YAP, CTGF, and CRY1 quantified by gPCR in HEK293AWT
or LATS 1/2 KO cells transiently transfected with siRNA control or siRNA against YAP. n = 4 (biological repeats) for each condition. Data show means + SEM,
unpaired t-test, **, p<0.01.

(D) Lysate from HEK293A WT and LATS1/2 KO cells transiently transfected with siRNA control (si Ctrl) or siRNA YAP (si YAP).

(E) Heatmap showing direct target genes of YAP from ChiP-seq data retrieved from ChIP-Atlas database.”” Colors of the cells indicate the normalized
MACS2 scores for YAP ChIP-seq peaks within the transcription start site (TSS 1 kb). Rows indicate the ranked target gene.

(F) Normalized ChIP-qPCR signal in HEK293A transfected with pcDNA-vector control, Flag-YAP (WT) or Flag-YAP (5SA) using Anti-Flag antibody. n = 3
(biological repeats) for each condition. Data are presented as mean + SEM. CRY1-1 and CRY1-2 are two primer sets close to the TSS (see Figure S1F). One
way ANOVA CRY1-1 (F (2, 6) = 22.65, p = 0.0016), CRY1-2(F (2, 6) = 5.424, p = 0.0452), CTGF (F (2, 6) = 15.89, p = 0.004).

(G) Bar graph showing results of Cry1-Luc reporter assay in HEK293A cells transfected with the indicated plasmids. n = 3 (biological repeats) for each
condition. Data are the means + SEM. Unpaired T-test, *, p<0.05.

(H and I) TEAD is required for YAP-induced transcription of CRY1. (H) Bar graph showing mRNA levels of the indicated genes in HEK293A WT cells Tet-On
TEAD1/3/4 supplemented or not with 100 ng/ml doxycycline (DOX) during 48h. Data show the change relative to the control. n = 3 (biological repeats) for
each condition. Data are the means + SEM. Unpaired t-test, **, p<0.01. (I) Bar graph showing CRY1, TEAD1/3/4 and TEAD2 mRNA levels in HEK293A cells
transfected with siRNA control or siRNA against TEAD2 and supplemented with doxycycline. n = 3 (biological repeats) for each condition. Data show the
means = SEM. Unpaired t-test, **, p<0.01.

The circadian clock is a cell-intrinsic timekeeping system that controls daily variation in several biochemical
and physiological processes, including cell growth differentiation, and tissue repair.'’"'® The heterodimer
of CLOCK and BMAL1 binds to the promoter regions of clock and clock-controlled genes (CCG), such as
PERIOD (PER) and CRYPTOCHROME (CRY), enhancing their expression. PER and CRY proteins, in turn,
inactivate CLOCK and BMALT1 heterodimers in a feedback regulation.”?° This feedback loop controls tran-
scriptional activity and daily variation in transcripts levels of thousands of genes in various tissues and or-
gans, which in turn affect many physiological processes.”’ Circadian homeostasis is required for proper cell
growth and differentiation, and alterations in core clock components have been linked to several patholog-
ical disorders, including diabetes, neurodegeneration, and cancer.”” Recently, it has been suggested that
Hippo pathway might be involved in the regulation of the circadian clock. For example, YAP-mediated NF-
kB activation alters clock gene expression in sarcoma.”” Moreover, loss of BMAL1 enhances intestinal stem
cell self-renewal.?* Furthermore, Parasram K et al. reported that the circadian clock in intestinal stem cells is
positively regulated by the Hippo pathway.”” However, whether these effects are directly under the control
of the Hippo pathway components or their effector proteins remains elusive. To gain mechanistic insights
into the Hippo pathway in regulating of cellular circadian genes, we carried out detailed transcriptomic and
biochemical studies. Herein, we discovered that the core circadian gene CRY1is a direct target of YAP. YAP
binds to the proximal promoter region of CRY1 and positively regulates its transcription in a TEAD-depen-
dent manner. RNAi knockdown and pharmacological inhibition of TEAD-YAP leads to decreased CRY1
expression and altered circadian oscillation of clock genes. In addition to its role as a core clock compo-
nent, CRY1 controls expression of genes involved in regulation of DNA replication, DNA damage, and
cell cycle.”®?” Interestingly, we found that CRY1 acts in a feedback loop to limit YAP/TAZ transcription
levels and activates the Hippo pathway kinases by regulating MOB1A/B expression. Moreover, we have
also shown that downregulation of CRY1 in breast cancer cells leads to hyperactivation of YAP and
enhanced DNA-damage responses, which in turn affects cell growth. The combination of a small molecule
CRY1 activator and a TEAD inhibitor leads to markedly enhanced anti-proliferative effects. Our work
revealed new functions of TEAD-YAP in the direct regulation of cellular circadian genes, an important
negative feedback regulation that restricts YAP/TAZ activity, and potential new strategies to enhance
the therapeutic activities of TEAD inhibitors.

RESULTS

YAP binds to CRY1 promoter and regulates its transcription

LATS1/2 kinases act as the major functional regulators of the Hippo pathway. Upon activation, these en-
zymes directly phosphorylate and inactivate YAP and TAZ,*® which leads to modulation of YAP/TAZ target
gene expression. To gain insights into how Hippo pathway effector proteins regulate the expression of
clock genes, we first analyzed the impact of YAP activation on clock gene expression levels in HEK293A
cells lacking LATS1/2. As expected, the direct YAP target gene CTGF expression is markedly elevated in
LATS1/2 knockout (KO)?® cells, as shown in Figure 1A. Interestingly, the loss of LATS1/2 and activation
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of YAP lead to a significant increase in CRY1T mRNA and protein levels, whereas the level of CRY2 remain
relatively unchanged (Figures 1A and 1B). We next assessed the effect of transient knockdown of YAP in WT
and LATS1/2 KO cells. As shown in Figures 1C and 1D, silencing YAP significantly decreases CRY1 mRNA
and protein levels in both WT and LATS1/2 KO cells. Consistently, significant changes in transcript levels of
PER2 and CLOCKwere also seen upon YAP knockdown (Figure S1A). Together, these results show that loss
of the Hippo pathway core kinases LATS1/2 could lead to YAP-dependent CRY1 upregulation. In addition
to YAP, TAZ (WWTR1) could also regulate CRY1 transcription. Indeed, overexpression of the WT or the
constitutively active TAZ (TAZ-S89A) in HEK293A cells leads to a significant increase in CRYT transcript
levels (Figures STB-S1D). Consistently, siRNA knockdown of TAZ leads to a marked decrease in CRY1
expression levels (Figure STE), albeit weaker than the effects of YAP. Our results are consistent with previ-
ous findings showing that YAP has a more potent effect than TAZ in regulating several target gene
expressions.”®

When associated with DNA-binding transcriptional factors, YAP/TAZ binds to defined genomic regions
and regulates target gene transcription. To examine whether YAP localizes and binds to promoter regions
of core clock genes, we first used ChIP-Atlas, an online database of the published chromatin immunopre-
cipitation sequencing (ChlP-seq) data.”” Interestingly, CRY1, a negative regulator of the circadian clock,” is
among the top YAP target genes in multiple cell lines. Indeed, ChIP-Atlas data showed that YAP binds the
region surrounding the transcription start site (TSS) of CRY1 (TSSis +1 kb) (Figure 1E). We did not observe
strong YAP binding signal for CRY2 promoter. This observation is consistent with our results, which showed
that YAP and TAZ have much stronger effects on CRY7 transcription when compared to CRY2.

To validate this finding, we examined the occupancy of YAP protein on the promoter region of CRY1 using
chromatin immunoprecipitation (ChIP) and gPCR analysis. Consistently, we observe moderate binding of
YAP to CRY1 promoter in cells transfected with wild-type YAP, while the constitutively active YAP mutant
(YAP-5SA) showed a marked increase in ChIP-qPCR signal (Figures 1F and S1F). In line with the ChIP-gPCR
results, the activity of a luciferase reporter driven by CRY1 promoter (pCry1-Luc reporter) was efficiently
induced by ectopic expression of YAP (Figure 1G). Taken together, these results show that YAP binds to
CRY1 promoter regions and directly induces its transcription.

TEADs are required for YAP-induced transcription of CRY1

YAP and TAZ are transcriptional coactivators, shuttling between the cytoplasm and the nucleus in response
to various inputs.’*" As they lack DNA-binding properties, their interaction with DNA-binding transcrip-
tion factors is required for the regulation of target gene expression, and the TEAD family of transcription
factors are the major DNA-binding partners of YAP and TAZ."*'*% We used ChlIP-seq data available in
ChIP-Atlas?” to visualize TEAD enrichment near the CRY1 promoter. This bioinformatic approach has
shown that CRYT is among the top TEAD1 target genes in several cell lines. Indeed, ChIP-Atlas data
showed that TEAD1 binds to the region surrounding the transcription start site of CRY7 (TSSis +1 kb) (Fig-
ure S1G), suggesting a role of TEAD-YAP complex could regulate CRY1 expression. It is worth noting that
ChIP-seq data for TEAD2 and TEAD4 are not available in ChIP-Atlas. Therefore, other TEADs might also be
involved. We next examined whether TEAD silencing or inhibition could decrease CRY1 RNA and protein
levels. As indicated in Figure TH, the combined silencing of TEAD1/3/4 in HEK293A cells led to a moderate
but significant decrease of CRYT mRNA levels. Interestingly, additional TEADZ2 silencing using siRNA leads
to a dramatic decrease in CRY1 mRNA levels, suggesting a predominant role of this protein in CRY1 regu-
lation when compared to other TEADs (Figure 11). Indeed, siRNA-mediated knockdown of TEDA2 alone
leads to a modest but significant decrease in CRY1 mRNA and protein level (Figure STH). YAP/TAZ activity
could be regulated by cell density-mediated Hippo pathway activation.*® Therefore, we used low cell den-
sity-mediated YAP/TAZ activation and TEAD inhibition to examine CRY1 protein levels. Seeding MCF7 and
MDA-MB-231 cells at low density activates YAP, demonstrated by decreased p-YAP (5127) and increased
CTGF levels. Consistently, we have observed markedly enhanced CRY1 protein levels. In addition, TEAD
inhibition using a small molecule inhibitor (MGH-CP1)* abolishes CRY1 upregulation under low density
(Figure ST1). Altogether, these data demonstrate that TEAD proteins, particularly TEAD2, are required
for YAP-mediated transcriptional regulation of CRY1.

CRY1 restricts YAP activation through a negative feedback regulation

In addition to its role as a key component of the core clock machinery, CRY1 has been shown to regulate
diverse cellular processes, such as cell growth and DNA repair.***° Therefore, we examined the impact of
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Figure 2. CRY1 knockdown alters Hippo pathway activities and its target genes expression

(A) Heatmap representing color-coded expression levels of differentially expressed genes (DEG) (FDR p.value < 0.05) in
wild-type HEK293A cells stably transfected with shRNA control or shRNA against CRY1. Normalized counts were used as
input for heatmap generation. Biological replicates in each condition were shown. EdgeR results and DEG are listed in
Table S1.

(B) KEGG pathway analysis of the DEG using DAVID Database (Visualization and Integrated Discovery).”® Results highlight
the top affected pathways.

(C) Bar graph showing mRNA levels of candidate genes selected from RNA-seq data. mRNA quantified by gPCR in
HEK293AWT cells stably transfected with shRNA control or shRNA against CRY1. Data show the means + SEM. Unpaired
t-test, **, p<0.01.

(D) Immunoblot results of the protein lysate from HEK293A WT and LATS 1/2 KO cells stably transfected with shRNA
control or shRNA against CRY1 stained for the indicated antibodies.

(E) Bar graphs showing mRNA levels of the indicated genes in HEK293A stably expressing shRNA control or shRNA
against CRY1 seeded at high or low density. Data display the change relative to the shRNA control cells. Data show the
means + SEM. Unpaired t-test, *, p<0.05, **, p<0.01.
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Figure 2. Continued

(F) Bar graph indicating mRNA levels of the specified genes quantified by gPCR in MDA-MB-231 cells stably transfected
with shRNA control or shRNA against CRY1. Results were standardized relative to shRNA control. Data are the means +
SEM from three independent experiments. Unpaired t-test, **, p<0.01.

(G) Lysate from MDA-MB-231 cells stably transfected with shRNA control or shRNA against CRY1 were immunoblotted
with the indicated antibodies.

(H) Bar graph showing mRNA levels of the YAP/TAZ target genes analyzed as in MDA-MB-231 as in F. Data are the
means *+ SEM from three independent experiments. Unpaired t-test, *, p<0.05, **, p<0.01.

its knockdown on global transcription in HEK293A cells using RNA-seq (GSE216975). Stable silencing of
CRY1 with short hairpin RNA in HEK293A cells was successfully established and validated by gRT-PCR
and Western blot. As shown in Figure 2A, CRY1 knockdown significantly alters the expression level of
237 genes, of which 151 downregulated and 86 upregulated in CRY1 depleted cells relative to shRNA con-
trol (FDR p value <0.05). Functional analysis, using Database for Annotation, Visualization and Integrated
Discovery (DAVID),* showed that genes altered upon CRY1 depletion regulate several processes,
including circadian rhythm. Interestingly, in addition to circadian rhythm, the PI3K pathway and Hippo
pathway are also among the top signaling pathways affected (Figure 2B). In addition, Gene Set Enrichment
Analysis (GSEA)* showed that both the PI3K and Hippo signaling pathways are altered following CRY
knockdown, further confirming a possible cross-regulation between CRY1 protein and these signaling
pathways (Figure S2A). Among the candidate genes associated with the Hippo pathway, Mob7a and
Mob1b, Lamb3 and Thbs1 are significantly affected upon CRY1 downregulation (Table S1).

We next selected several candidate genes from RNA-seq analysis for independent validation by gRT-PCR
upon stable knockdown of CRY1. As shown in Figure 2C, the changes in the expression of the selected
target genes are consistent with the RNA-seq data. MOB1A/B are adaptor proteins that bind to and
enhance the kinase activity of LATS1/2 proteins,™ leading to YAP/TAZ phosphorylation and inhibition,
and Thbs1 and Lamb3 are direct transcriptional targets of YAP.?*” Consistently, CRY1 depletion leads
to marked decrease in MOB1A/B protein levels in HEK293AWT and LATS1/2 KO cells (Figure 2D). Further-
more, transient knockdown of CRY1 using a different shRNA, which has weaker knockdown efficiency, leads
to asignificant decrease in MOB1B transcript levels (Figure S2B). We next analyzed how stable CRY1 deple-
tion impacts YAP/TAZ target’s gene expression under different conditions. As indicated in Figure 2E, in
CRY1 depleted cells, YAP transcriptional activity is higher regardless of cell density. In addition, expression
levels of YAP target genes are significantly elevated in CRY1-knockdown cells seeded at high density, sug-
gesting that loss of CRY1 could rescue Hippo pathway-mediated YAP inhibition. In contrary to cell density
effects, CRY1 depletion leads to only moderate changes in transcript levels of YAP target genes upon
serum stimulation (Figure S2C), suggesting a stimuli-dependent effect of CRY1 on YAP activity.

Dysregulation of Hippo pathway and activation of YAP/TAZ has been reported to occur in several can-
cers.” 1% Using the GEPIA platform, containing RNA-seq expression data of tumors and normal samples
from the Cancer Genome Atlas (TCGA) and the Genotype-Tissue Expression (GTEx) projects,40 we exam-
ined the correlation between YAP and CRY1 transcript levels. When performed in all cancers, significant
positive correlation has been observed between YAP and CRY1 with Spearman correlation R = 0.36 (Fig-
ure S2D). In agreement with previous findings that reported overactivation of YAP in a subset of breast can-
cer,” significant positive correlation between YAP and CRY1 RNA levels is also seen in breast cancer sam-
ples (Spearman correlation R = 0.5, p = 1.32335E-35) (Figure S2E), further validating our findings related to
direct regulation of CRY1 by YAP. In line with these correlations and the results obtained in HEK293A cells,
stable CRY1 knockdown in breast cancer cell line MDA-MB-231 leads to a dramatic decrease in transcript
and protein levels of the Hippo pathway adaptor protein MOB1A/B (Figures 2F and 2G). Consistent with
the function of MOB1A/B as negative regulator of YAP/TAZ activities,” YAP/TAZ transcriptional activity
is markedly higher in CRY1-knockdown cells, as demonstrated by a significant increase in transcript levels
of their direct target genes (Figure 2H). Furthermore, YAP phosphorylation (Ser127) displays lower levels in
CRY1-depleted cells, consistent with the known functions of MOB1A/B as a regulator of Hippo pathway
(Figure 2G). Together, these data suggest that CRY1 knockdown leads to decreased MOB1A/B levels,
which in turn enhance YAP/TAZ transcriptional activities.

CRY1 attenuates transcription of the Hippo pathway effectors YAP and TAZ

Besides its role in the maintenance of the circadian feedback loop, CRY1 is also known as a transcriptional
repressor, regulating several processes such as DNA damage response,®"*® glucocorticoid signaling,*
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Figure 3. CRY1 regulates transcription of the Hippo pathway effectors YAP and TAZ

(A) Bar graphs showing mRNA levels of YAP and TAZ in HEK293A, MCF-7 and MDA-MB-231 cells stably transfected with
shRNA control or shRNA against CRY1. Unpaired T test, *, p<0.05, **, p<0.01.

(B) Normalized ChIP-gPCR results in HEK293A WT transfected with pcDNA-vector or Flag-CRY1 using Anti-Flag antibody.
n = 3 (biological repeats) for each condition. Data are presented as mean + SEM. YAP1-1 and YAP1-2 are two primer sets
that are close to the TSS. Unpaired t-test, *, p<0.05, **, p<0.01. Quantification is normalized to pcDNA-vector control (see
Figure S3B). Chromatin from cells transfected with Flag-CRY1 immunoprecipitated with Igg used as a negative control.
(C) Bar graph showing results of YAP-Luc reporter assay in HEK293A cells stably expressing shRNA control or shRNA
against CRY1. Data are the means + SEM. Unpaired t-test, *, p<0.05.

(D) Bar graph showing the effect of transient YAP depletion on transcript level of the indicated genes inHEK293A WT cells
stably transfected with shRNA Ctrl or shRNA CRY1. Unpaired t-test, *, p<0.05, **, p<0.01, only statistics for siRNA control
vs. siRNA YAP of each genotype were shown. Data are the means = SEM from three independent experiments.

and glucose metabolism.*> YAP and TAZ mRNA levels display a moderate increase in HEK293A cells
following CRY1 knockdown, with TAZ transcription showing more significant increase (Figure 3A), suggest-
ing that CRY1 might attenuate YAP/TAZ transcription. Interestingly, these changes were also observed in
breast cancer cell lines MCF7 and MDA-MB-231, in which CRY1 knockdown leads to a significant increase of
both YAP and TAZ transcript levels in MCF7 cells, and induces TAZ expression more significantly in MDA-
MB-231 cells. These results suggest that CRY1 might regulate YAP and TAZ expressions, but with variable
responses in different cell lines (Figure 3A). Consistently, analysis of published expression array data from
mouse embryonic fibroblasts lacking Cry1/2 genes’” showed a significant increase in both Yap and Taz
transcripts, as well as their direct target genes (Ctgf, Cyré1, and Thbs1) (Figure S3A). To test whether
CRY1 could directly bind to YAP and TAZ promoters and regulate their transcription, we performed
ChIP-gPCR assays in HEK293A cells following transfection with vector control or Flag-tagged human
CRY1. CRY1 protein is markedly enriched in the region surrounding CRY1 promoter (Figures 3B and
S3B), consistent with the circadian regulatory mechanisms in which CRY1 positively regulates its own
expression when in complex with Bmal1 and Clock.* Interestingly, we also observed a significant enrich-
ment of CRY1 in the selected regions of YAP promoter. Even though at a moderate level, CRY1 protein is
also enriched in TAZ, CTGF and AREG promoter regions (Figure 3B). Consistently, analysis of the previously
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published ChlIP-seq data from mouse livers revealed that Cry1 binds to the promoter regions of Yap, Areg,
Lamb3, and Cyré1 in a time-of-day dependent manner®' (Figures S3C-S3E). To further establish the tran-
scriptional control of CRY1 on the YAP promoter, we performed luciferase reporter assays. A sequence en-
compassing the promoter region of YAP was cloned into pEZX-PG02 basic vector to drive the expression of
a firefly luciferase gene. This experiment revealed that CRY1 could suppress YAP expression. Indeed,
consistent with transcriptional changes, YAP promoter reporter activity displays a significant increase in
cells with CRY1 silencing (Figure 3C). Altogether, these findings show that CRY1 is able to modulate
YAP transcription directly. To further examine the impact of YAP overactivation following CRY1 knockdown,
we assessed the impact of its transient knockdown in cells expressing empty vector or CRY1 shRNA. While
only moderate changes were seen in non-YAP target genes such as Mob1b, we observe that YAP knock-
down could rescue the induction of its target genes upon CRY1 knockdown, demonstrating that the
CRY1-loss mediated target gene induction is due to overactivation of YAP (Figure 3D). Taken together,
these findings demonstrate that both YAP and CRY1 exert an effect on each other, suggesting a transcrip-
tional feedback loop between them. However, YAP exerts a stronger effect than CRY1. Indeed, overexpres-
sion of CRY1 had only a moderate effect on YAP/TAZ levels (Figures S3F and S3G), while YAP knockdown
could rescue almost all of the activity from CRY1.

YAP and TAZ regulate the oscillation of clock genes in cultured cells

Our results demonstrate that YAP directly regulates CRY1 transcription. Moreover, alteration in other clock
genes, such as PER2 and CLOCK were also observed upon YAP knockdown (Figure STA). To gain insights
into how YAP affects the oscillation of clock genes, we analyzed the expression of clock genes upon ectopic
expression of YAP. MCF10A cells stably expressing empty vector, wild type (WT), or constitutive active YAP
(YAP S127A) were synchronized with dexamethasone, and RNA samples were then collected at the indi-
cated time points (Figure 4A). Overexpression of WT YAP has moderate but significant effects on transcript
levels and oscillations of CRY1, CRY2, BMAL1 and PER2. Interestingly, cells expressing constitutively active
YAP (YAP S127A) display marked alterations in both the intensity and oscillation of these clock genes.
Indeed, while PER2 oscillation was completely abolished, we noticed a dramatic increase in CRY1 RNA
and protein levels throughout the circadian cycle (Figures 4A and S4A). These data demonstrate that
constitutive activation of YAP alters levels and rhythmic oscillation of clock genes.

We tested the rhythmic oscillation of YAP/TAZ and their target genes in U20S cells, a common cellular
model system for monitoring circadian rhythm in vitro. Consistent with the data shown in MCF10A cells
(Figure 4A), YAP and TAZ transcripts and their target genes display stable levels throughout the circadian
cycle in vitro (Figures S4B-S4D). Next, to determine whether alteration in YAP and TAZ expression could
disrupt the cellular clock machinery, we have established stable knockdown of YAP or TAZ using shRNAs
in U20S cells. Following dexamethasone synchronization, gene expression in shRNA control and YAP/TAZ
knockdown cells were measured. Antiphase oscillation of PER2 and BMALT RNAs were clearly observed in
control cells, indicating successful clock synchronization. Interestingly, YAP or TAZ knockdown profoundly
alters the rhythmic transcription of these genes. Consistently, YAP or TAZ knockdown leads to markedly
lower CRY1 transcription (Figure 4B). Moreover, our data show that YAP/TAZ knockdown also alters other
clock genes. For example, decreases in CRYZ2 expression and PER2 oscillations were also observed, indi-
cating alteration in both transcriptional levels and circadian oscillation of clock genes in cells (Figure 4B).
Although these genes are not direct targets of the Hippo pathway, the alternation might be resulted in
disruption of the core circadian rhythm through altered CRY1 expression. Independently, dexamethasone
synchronization following transient knockdown of YAP or TAZ by siRNA also leads to a dramatic decrease in
CRY1 protein levels throughout the circadian cycle, consistent with the results with shRNAs (Figures S4F
and S4G). Furthermore, dampening in PER2 oscillation and decrease in CRY1/2 transcript levels were
also seen when cells with stable YAP and TAZ depletion were seeded at low density (Figures S4AH-S4M).
Consistently, circadian variation in both CRYT protein and RNA levels, and the expression of BMALT and
PER2 were markedly altered in cells treated with TEAD inhibitor (Figures SSA-S5D). Taken together, these
findings demonstrate that genetic or pharmacological inhibition of the Hippo pathway transcriptional com-
plex TEAD-YAP alters both intensity and rhythmic oscillations of clock gene expression.

DISCUSSION

The Hippo pathway plays a critical role in cell proliferation, survival, and organ size control in development.
Several recent reports have shown that hyperactivation of YAP and TAZ is critical in cancer development
and progression. Similarly, dysregulation of the circadian clock has also been linked to tumorigenesis.

8 iScience 26, 107449, August 18, 2023

iScience



iScience ¢? CellPress
OPEN ACCESS

—— Vector ctrl WT-YAP —— S127A-YAP
A
25 . PER2 2. BMAL1 5 . CRY1**
B
> 24 | 4 4
% 1.5
& 1.5 1 3 1
€ 11
o 11 2
2
S o5 : 05 1
I e *% *% L
0 T T T T T » 0 T T T T T 2 0 T T T — T J
16h 22h 28h 34h 40h 46h 16h 22h 28h 34h 40h 46h 16h 22h 28h 34h 40h 46h
5 21 CRY2 s ' 251 CLOCK 30 ; YAP
> *% *%
[ *%
<15 ol % 2 _ 25 *k *k kK Kk
% ok *k 20
*% o 1.5
€ 1 4 15 4
2 1 4 *k *%k
E 0 5 * *%k 10
& B e *% 054 #« X% P 5 *% *% *% *% *% k%
0 T T T T T « 0 r r r r r 1 () ——————— e,
16h 22h 28h 34h 40h 46h 16h 22h 28h 34h 40h 46h 16h 22h 28h 34h 40h 46h
B —— Shctrl
3 51 PER2 25 | BMAL1 25 ; CRY1 ShYAP
< 4 2 L % D — ShTAZ
E 3 15 15
= - O T i
2 2 1 1
S 14 05 05 T
o
0 T T T T T +» 0 T T T T T 2+ 0 T T T u v "
16h 22h 28h 34h 40h 46h 16h 22h 28h 34h 40h 46h 16h 22h 28h 34h 40h 46h
4 - CRY2 25 - YAP 3 - TAZ
[
g, "
< 2 4
z 15 4
2
£ *% *% 1
® *k 1 4
R 054 ** wx  wx FE g
&J 0 - e *% *% o — 0 s

16h 22h 28h 34h 40h 46h 16h 22h 28h 34h 40h 46h 16h 22h 28h 34h 40h 46h

Figure 4. YAP and TAZ downregulation disrupts circadian rhythm

(A) Circadian variation of clock gene expression in MCF10A cells with WT-YAP, YAP-S127A, or control vector (p-Babe)
stable overexpression. Cells were synchronized with dexamethasone then collected at the indicated times. Data are the
means + SEM from three independent experiments. Tow-way ANOVA PER2 (F (10, 36) = 53.69, p < 0.0001)), BMAL1 (F (10,
36) = 129.6, p < 0.0001)), CRY1 (F (10, 36) = 93.1, p < 0.0001)), CRY2 (F (10, 36) = 46.79, p < 0.0001)), CLOCK (F (10, 36) =
46.98, p < 0.0001)), YAP (F (10, 36) = 11.34, p < 0.0001)). Dunnett's multiple comparisons tests, *, p<0.05, **, p<0.01.
Detailed statistical analysis and results are shown in Table S4.

(B) U20S cells stably expressing empty vector (p-LKO), shRNA YAP, or shRNA TAZ synchronized with dexamethasone
then collected at the indicated times. RNA levels of the indicated genes were measured using g-PCR. Data are the
means + SEM from three independent experiments. Tow-way ANOVA PER2 (F (10, 36) = 12.21, p < 0.0001)), BMAL1 (F (10,
36) = 2.383, p = 0.0276)), CRY1 (F (10, 36) = 5.762, p < 0.0001)), CRY2 (F (10, 36) = 5.447, p < 0.0001)), YAP (F (5, 24) = 8.887,
p < 0.0001)). Dunnett’s multiple comparisons tests, *, p<0.05, **, p<0.01. Detailed statistical analysis and results are
shown in Table S4.

Although a possible link between the Hippo pathway and the circadian clock has been suggested,”®?” the
mechanistic insights underlying the crosstalk remain unknown.

Interrogating genome-wide YAP binding sites using ChlP-Atlas,”” we found that the promoter region of the
negative regulator of the circadian feedback loop, Cryptochrome 1, is among the top enriched binding
sites of YAP. In addition, CRY1 plays an important feedback regulatory role in fine-tuning Hippo pathway
activities, leading to restriction of YAP hyperactivation. Our work provided a detailed mechanistic view of
the delicate and highly orchestrated crosstalk between circadian rhythm and the Hippo pathway. Disrup-
tion of this delicate balance would lead to hyperactivation of YAP. Interestingly, pharmacological inhibitors
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of TEAD also alter CRY1 transcription, which could disrupt the feedback regulation. Consistent with this
notion, we found that the combination of a TEAD inhibitor (MGH-CP1) with a CRY1 activator (KLOO1) ex-
hibits strong synergy in inhibiting YAP-dependent cancer cell proliferation (Figure S5H). Several TEAD in-
hibitors have been developed, and are currently in clinical studies for YAP-dependent cancers. It would be
interesting to see whether TEAD inhibitors could alter the circadian rhythm in humans, and whether
changes in CRY1 activity could affect the therapeutic efficacy.

Interestingly, our data also suggest that YAP exert a stronger effect on this feedback loop over CRY1.
Indeed, while we observe strong enrichment of CRY1 near the promoter region of YAP and TAZ, overex-
pression of CRY1 leads to only moderate changes in YAP/TAZ expression levels. Two possibilities might
explain this differential effect. First, the binding of CRY1 to YAP promoter may occur in time-of-day
dependent manner. Indeed, CRY1 chromatin binding data in vivo corroborate with this hypothesis
(Figures S3C-S3F) and suggest that CRY1 might exert its negative effect on YAP in tissue specific and
time-of-day dependent manner. The second possibility is that CRY1 does not fully inhibit YAP/TAZ tran-
scriptional activities, but prevents their “over-activation”. Indeed, studies have shown that overactivation
of YAP triggers hyper-transcription accompanied by an increase in DNA damage.”® Besides its role in the
circadian clock, CRY1 is also involved in several other processes, including DNA repair and cell cycle pro-
gression.”***?> Indeed, DNA damage responses induce CRY1 stabilization, which promotes DNA repair
and cell survival.®® Consistently, our results demonstrated that CRY1 depletion in breast cancer cells
enhances DNA damage responses and alters cell growth (Figures S5E-S5@G), which could be through
YAP-dependent or -independent mechanisms. Although it is widely accepted that overactivation of
YAP and TAZ positively contribute to cell growth, this dogma is challenged by recent observations that
hyperactivation of YAP may also have a tumor-suppressing function. For example, hyperactivation of
YAP/TAZ renders cancer cells sensitivity to oxidative stress and ferroptosis.”® In addition, YAP has been
shown to bind to p73 to mediate apoptosis under DNA damage.*’ Therefore, it is possible to speculate
that YAP-induced CRY1 expression might play an important role in preventing YAP overactivation and cell
death and enhances DNA repair and cell proliferation, thereby providing a growth advantage in cancers
with deregulated Hippo pathway. Future studies with more comprehensive investigations would be
needed to validate these possibilities.

The crosstalk between the Hippo pathway and the circadian clock seems to be evolutionarily conserved. In
fact, a recent study showed that overexpression of Yorkie in Drosophila enhances CLK/CYC activity.”” In
addition, Rivera-Reyes et al. showed that the downregulation of YAP enhances expression of CRY2 and
Bmal1.”? These findings were observed in a mouse model of undifferentiated pleomorphic sarcoma?
that lacks p53 and harbors the mutant KRAS,*® which might contribute to the differential regulation of clock
genes by YAP.

Our results showed that YAP has a much stronger effect on CRY1 transcriptional regulation when compared
to TAZ. Although YAP and TAZ were often considered as functionally redundant, they do exhibit differ-
ences in transcriptional activities.”® Given the divergence in expression levels of these factors in different
tissues, YAP and TAZ may contribute differently to circadian homeostasis in various organs and tissues dur-
ing development. In addition, YAP/TAZ and clock genes have been associated with tumor growth and
metastasis. Therefore, further exploration of the crosstalk between the two pathways will likely shed light
on how circadian rhythm is involved in tumorigenesis, potentially providing new therapeutic opportunities
for cancers.

Limitations of the study

In summary, Hippo pathway effector YAP plays a key role in regulation of clock gene expression and oscil-
lation in synchronized cells. However, our work was limited to the in vitro system. Indeed, given the impact
that the circadian clock exerts on behavior and physiology, it would be of great interest to address the
impact of Hippo pathway dysregulation on the temporal variation in physiology using an in vivo system.
Moreover, our data show that CRY1 depletion enhances DNA damage in cancer cells. Whether this effect
is directly linked to changes in YAP or Hippo pathway activity is currently unknown. Both components of the
Hippo pathway and the circadian clock play an important role in genomic integrity. Therefore, further
studies are needed to clarify the exact link between these components in the maintenance of genomic
integrity in normal and transformed cells.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Phospho-YAP (Ser127) Cell Signaling Technology #4911; RRID:AB_2218913
YAP/TAZ (D24E4) Cell Signaling Technology #8418; RRID:AB_10950494

LATS1 (C66B5)
GAPDH (D16H11) XP®
Horseradish secondary antibodies Rabbit
P21 antibody

p-H2AX

p-CHK1(S345)
p-CHK2(T68)

CHK1

CHK2

vinculin

b-actin

Cry1 antibody

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Biotechnology
APPLIED BIOLOGICAL MATERIALS INC

Bethyl laboratories

#3477; RRID:AB_2133513
#5174; RRID:AB_10622025
#58802; RRID:AB_2799549
#2947S; RRID:AB_823586
#9718; RRID:AB_2118009
#2348T; RRID:AB_331212
#2197T; RRID:AB_2080501
#2360S; RRID:AB_2080320
#6334T; RRID:AB_11178526
sc-73614; RRID:AB_1131294
#G043; RRID:AB_2631287
BETHYL-A302-614; RRID:AB_10555376

Chemicals, peptides, and recombinant proteins

TEAD Inhibitor (MGH-CP1)

synthesized in house

CAS: 896657-58-2

Dexamethasone Sigma Aldrich #D4902
KLOO1 Sigma Aldrich #SML1032
puromycin Gibco™ #A1113803
Critical commercial assays

TRI reagent Invitrogen™ #15596026
High-Capacity cDNA Reverse Transcription Kit ThermoFisher #4368814
PowerUp™ SYBR™ Green Master Mix ThermoFisher #A25776
JetPRIME transfection reagent Polyplus transfection #101000015
lipofectamine RNAi max ThermoFisher #13778075
polyethylenimine (PEI) Polysciences, Inc. #24765-100
Pierce™ BCA Protein Assay Kit Thermo Scientific™ #23225
RNeasy Mini Kit QIAGEN #74004
SimpleChIP® Enzymatic Chromatin IP Kit Cell Signaling Technology Cat #9003
Secrete-Pair™ Gaussia Luciferase kit GeneCopoeia # LFO31
Deposited data

RNA-seq data Generated in house GSE216975
Experimental models: Cell lines

HEK293A ATCC # CRL-1573
MDA-MB-231 ATCC #HTB-26
MCF7 ATCC #HTB-22™
MCF10A ATCC # CRL-10317
U-2 OS ATCC # HTB-96™
MCF10A p-BABE Gift from Joan S Brugge N/A
MCF10A WT-YAP Gift from Joan S Brugge N/A
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
MCF10A Mutant S127A-YAP Gift from Joan S Brugge N/A
HEK293 Lats1/2 ko Gift from Wenqi Wang N/A
HEK293 tead1/3/4 TET-ON Gift from Junhao Mao N/A
Oligonucleotides
c-DNA Primers sequence in Table S2 N/A
gDNA Primers sequence in Table S3 N/A
Recombinant DNA
Cry1 plasmid Addgene #25843
pcDNA-empty vector Invitrogen #V79020
WT-TAZ Genescript OHu14351
S89A-TAZ construct Gift from K.-L. Guan lab (University N/A

of California, San Diego)
YAP5SA construct Gift from K.-L. Guan lab (University N/A

of California, San Diego)
WT-YAP Addgene #18881
Packaging plasmid psPAX2 Addgene #12260
Envelope plasmid VSV-G Addgene #14888
shRNA CRY1 (primarily) Sigma Aldrich TRCNO0000011308
shRNA CRY1 Sigma Aldrich TRCNO0000231068
pLKO.1-YAPshRNA Sigma Aldrich TRCN0000095866
pLKO.1-TAZshRNA Sigma Aldrich TRCN0000095953
Empty sh-RNA vector Addgene #21915

Software and algorithms

FastQC

Galaxy
ImageJ

Graphpad Prism

Babraham Institute

NIH, NSF
NIH
GraphPad

https://www.bioinformatics.babraham.
ac.uk/projects/fastqc
https://usegalaxy.org/
https://imagej.nih.gov/ij/

https://www.graphpad.com/scientific-

software/prism/

RESOURCE AVAILABILITY
Lead contact

Information and requests for resources should be directed to and be fulfilled by the Lead Contact, Xu Wu
(XWU@cbrc2.mgh.harvard.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® This study generated new and unique RNA-seq data. The raw and processed data were deposited to
gene expression omnibus under the accession number: GSE216975.

® This study did not generate new unique code.

o All data reported in this paper will be shared by the lead contact upon request. Any additional informa-
tion required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Dulbecco’s Modified Eagle Medium (DMEM), DMEM/F12 and RPMI 1640 were purchased from (Gibco),
TEAD Inhibitor (MGH-CP1 synthesized in house). Dexamethasone (Sigma #D4902). CRY activator KLOO1
(Sigma #SML1032).

HEK293A and MDA-MB-231 cells (ATCC, Cat# CRL-1573, Cat# HTB-26) were grown in DMEM, and MCF7
(ATCC, Cat#HTB-22™), cells were grown in RPMI1640. Culture media were supplemented with 10% fetal
bovine serum (FBS), 100 U/mL penicillin, and 100 U/mL streptomycin. MCF10A (ATCC, Cat# CRL-10317)
cells were grown in DMEM/F12 supplemented with (5% Horse serum, 20 ng/mL EGF, 0.5 ng/mL hydrocor-
tisone, 100 ng/ml cholera toxin, 10ug/mL insulin and 100 U/mL penicillin/streptomycin). Cells between
three and ten passages were used for experiments. Cultures were maintained at 37°C in a humidified
5% CO; incubator. The concentration and duration of the inhibitors used are described in figure legends.
Equivalent volume of solvent (DMSQO) was used as a control.

METHOD DETAILS

Quantitative real-time PCR

Cells were directly resuspended in TRI reagent (#15596026, Invitrogen™). Total RNAs were then isolated
following manufacturers’ instruction. Purified RNAs were dissolved in nuclease-free water. cDNA was
generated from 1 pg RNA using High-Capacity cDNA Reverse Transcription Kit (ThermoFisher,
#4368814). Mixtures containing 30 ng cDNA, 30uL PowerUp™ SYBR™ Green Master Mix (ThermoFisher,
#A25776) and 300 nM forward and reverse primers were run in duplicates on QuantStudio™ 5 Real-Time
PCR System. g-PCR conditions were as follows, first 2 min polymerase activation at 95°C then 40 cycles
at 95°C for 30 s and 61°C for 30 s and 72°C for 30s. Melting curve analysis of the PCR was then performed
to verify primer specificity. For quantification, Gapdh was used as housekeeping genes. Primer sequences
are shown in Table S2.

Transient transfection

HEK293A Cells were plated in six-well plates 24 h before transfection at 60% confluence. JetPRIME trans-
fection reagent (Polyplus transfection) was used to transfect expression constructs into cells. First, two pg of
each plasmid and 4pg of PEl were separately diluted in 150 pL of Opti-MEM (Gibco™). Five minutes later,
the two mixtures were combined and vortexed. Twenty minutes later the mixture was added dropwise to
each well. Twenty-four hours later medium was replaced then cells were treated as indicated. Both RNA
and protein analyses were performed 48 h after transfection. For siRNA transfection, lipofectamine RNAI
max was used following manufacturer’s instruction (ThermoFisher # 13778075). The following siRNA
were used (siRNA control (Sigma, #SIC001), the siRNA sequences used in silencing YAP/TAZ experiments
were: GACAUCUUCUGGUCAGAGA dTdT (YAP), ACGUUGACUUAGGAACUUU dTdT (TAZ). The
following plasmids were used for transient transfection Cry1 (Addgene, Cat #25843), pcDNA-empty vector
(Invitrogen), WT-TAZ (Genescript, OHu14351), S89A-TAZ (K.-L. Guan lab), WT-YAP (Addgene, #18881),
YAP5SA (K.-L. Guan lab).

Packaging shRNA-Encoding Lentivirus

HEK293T cells were plated in a 10 cm culture dish a day before at 50% confluency. Sixteen hours later, the
medium was replaced. The following mixtures were separately prepared. Packaging plasmid (psPAX2,
2.6ug), Envelope plasmid (VSV-G, 0.875pg) and 3.5ug of each sh-RNA plasmid were diluted in 500 uL of
Opti-MEM. 14ug polyethylenimine (PEI) was diluted in 500 pL of Opti-MEM. 5 min later, the two mixtures
were combined and vortexed. After 20 min incubation at RT, the mixture was added dropwise to each
plate. Six hours later, the medium was replaced. Lentiviral supernatants were then collected 24 and 48 h
later and filtered using a 0.45 pm syringe filter to remove cell debris. Lentiviral supernatants were then
stored at —80°C until further use. The following shRNA were used CRY1 (primarily TRCN0000011308,
and TRCNO0000231068, Sigma), YAP (pLKO.1-YAPshRNA, TRCN0000095866), and TAZ (pLKO.1-TAZshRNA,
TRCNO000095953). Empty vector was used as a control (Addgene, Cat #21915).

Lentivirus infection and selection

Cells were plated in six-well plates a day before at 60% confluence. Sixteen hours later the medium was
changed to 2 mL medium containing 1 mL complete medium and 1 mL of lentiviral supernatant. To increase
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the efficiency of lentiviral infection, medium was supplemented with 10pug/mL polybrene. Sixteen hours
later, the medium was replaced. Selection with 2 pg/mL puromycin (Gibco™, # A1113803) was performed
72 h post-infection for 4 days to eliminate the non-infected cells. Knockdown efficiently was verified using
gPCR and western blot.

Western blotting

Upon the indicated treatment, cells were washed with PBS then resuspended in lysis buffer containing
50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 1.0% NP-40, 0.1% SDS, and prote-
ase/phosphatase inhibitors (Roche #11836153001, #4906845001). Total extracts were incubated for
10 min on ice, then centrifuged for 10 min. Protein concentrations were quantified using Pierce™ BCA Pro-
tein Assay Kit (Thermo Scientific™ # 23225), according to the manufacturer’s instructions. Proteins were
then separated by SDS-PAGE and transferred to the Polyvinylidene fluoride (PVDF) membrane. Mem-
branes were blocked with tris-buffered saline containing 0.05% Tween 20 and 5% non-fat milk. The
following antibodies were all purchased from cell signaling (Phospho-YAP (Ser127) #4911, YAP/TAZ
(D24E4) mAb #8418, LATS1 (C66B5) Rabbit mAb #3477, GAPDH (D16H11) XP® Rabbit mAb #5174, Horse-
radish secondary antibodies Rabbit #58802. Cry1 antibody was purchased from Bethyl laboratories
(BETHYL-A302-614). Catalog ID of the following antibodies P21 (Cell Signaling Technology, #2947S),
p-H2AX (Cell Signaling Technology, #9718), p-CHK1(S345) (Cell Signaling Technology, #2348T),
p-CHK2(T68) (Cell Signaling Technology, #2197T), CHK1 (Cell Signaling Technology, #2360S), CHK2
(Cell Signaling Technology, #6334T), vinculin (Santa Cruz, #sc-73614) and b-actin (APPLIED BIOLOGICAL
MATERIALS INC, #G043). Antibody dilutions were prepared according to the manufacturer’s instructions.

RNA-seq data analysis

For sequencing analysis, two independent biological replicates of cells were collected for each condition.
Total RNA was isolated using TRI reagent then purified with Rneasy Mini Kit (QIAGEN#74004). Quality con-
trol, library preparation, and sequencing was performed by Novogene. Briefly, RNA quality was verified us-
ing agarose gel electrophoresis and Agilent 2100. Oligo(dT) beads were used to enrich mRNA, and rRNA
were removed using the Ribo-Zero kit. After fragmentation, total cDNA was synthesized using random hex-
amers primer followed by cDNA second-strand synthesis. After a series of terminal double-stranded cDNA
libraries are completed through size selection and PCR enrichment. Later quality control cDNA libraries
were submitted to paired-end sequencing (PE150).

The following low-quality reads and adapters were filtered at Novogene. Reads containing adapters, reads
with N > 10% and reads with low quality (Qscore<= 5) base, which is over 50% of the total base. Sequence
quality was further verified using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
RNA seq data analysis was then performed using the galaxy pipeline, applying the default parameters
of each program.*” Raw reads were aligned using STAR™ to the human genome version (hg38). Transcrip-
tome quantification was performed using feature Counts.

Differential expression was performed using edgeR, using the TMM normalization method. Benjamini-
Hochberg correction was used to correct for multiple comparisons (with a false discovery cut-off <0.05).
Genes below this threshold are considered significant. Functional analysis was performed using DAVID
(the database for annotation, visualization, and integrated discovery).*® This analysis was performed only
on the list of differentially expressed genes. Gene set enrichment analysis was performed to confirm
DAVID results using WebGestalt.>” RNA-seq raw and processed data were submitted to gene expression
omnibus under the accession numbers GSE216975.

Colony forming assay

Equal number of cells stably transfected with shRNA control or shRNA against CRY1 were plated into
24-well plates containing 1 mL of culture medium (1000 cells/mL). Cells were then grown for 14 days at
37°C and 5% CO,. Cell colonies were fixed with ice-cold methanol and then stained with crystal violet.
The content was solubilized using 10% acetic acid to measure the crystal violet in each well. The absor-
bance of the solution was measured on VICTOR Multilabel plate reader (PerkinElmer) at a wavelength of
590 nm.
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Chromatin immunoprecipitation assay

ChlIP was performed as described in the protocol supplied with the kit from cell signaling technology
(Cat #9003) with some modifications. Briefly, HEK293A cells transfected with the indicated constructs
were first cross-linked with 1% formaldehyde for 10 min at room temperature. After quenching of formal-
dehyde with 125 mM glycine, cells were directly resuspended in 1X ChIP buffer then chromatin was sheared
by sonication. As analyzed on agarose gels, the fragmented chromatin was around 300-1200 bp. Chro-
matin (500 pg) from each condition was subjected to immunoprecipitation with the indicated antibodies
at 4°C overnight. Immune-complexes were recovered by incubation with protein G beads for 2 h at 4°C.
DNA was purified using the reagents supplied in the kit. The primers used for gPCR can be found in
Table S3.

Luciferase reporter assay

The expression vectors used were from the following sources: Cry1 transcription luciferase reporter
(Addgene #110056). pEZX-PG02-YAP-Luc was purchased from GeneCopoeia #HPRM34974-PG02). The
promoter sequence of human YAP was cloned to the upstream of firefly luciferase gene in the pEZX-
PGO2 vector. Upon transfection with the indicated plasmid, cells were left to grow for 48 h. CRY1 reporter
activity was measured using the homemade dual-glow luciferase assay protocol previously described.”’
Briefly, the CRY1 reporter was transfected together with p-CDNA-YAP and Renilla luciferase constructs
into HEK293A cells. 24 h later, cell lysates were prepared using 25mM Tris-phosphate pH 7.8, 2mM DTT,
2mM 1,2-diaminocyclohexane- N,N,N’,N’-tetra acetic acid, 10% glycerol and 1% Triton® X-100. Substrate
for firefly luciferase containing 25mM Tris-phosphate pH 7.8,1mM luciferin, 3mM ATP, 15mM MgCl,,
0.2mM CoEnzyme A, and 1M DTT were then added. Renilla luciferase activity was measured using the
following substrate buffer containing 0.01mM h-CTZ and 0.06mM PTC124, 45mM NayEDTA, 30mM
Pyrophosphate tetrabasic, and 1.425M NaCl. Luminescence of Firefly and Renilla luciferase activities
were then measured using VICTOR Multilabel plate reader (PerkinElmer). YAP-promoter activity was
measured using the Secrete-Pair™ Gaussia Luciferase kit according to the manufacturer’s instructions
(GeneCopoeia# LFO31).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests were performed using GraphPad Prism (http://www.graphpad.com). All experiments were
performed in triplicate. One-way ANOVA with Tukey post hoc test was applied to compare the means of
three or more groups. Unpaired, two-sided Student t tests were used to compare the means of two groups.
Results are expressed as means + SEM. P < 0.05 was considered to be significant. The statistical analyses of
the data are shown in Table S4.
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