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SUMMARY

The circadian clock orchestrates global changes in transcriptional regulation on a daily basis via
the bHLH-PAS transcription factor CLOCK:BMAL1. Pathways driven by other bHLH-PAS
transcription factors have a homologous repressor that modulates activity on a tissue-specific
basis, but none have been identified for CLOCK:BMALL1. We show here that the cancer/testis
antigen PASDL fulfills this role to suppress circadian rhythms. PASD1 is evolutionarily related to
CLOCK and interacts with the CLOCK:BMAL1 complex to repress transcriptional activation.
Expression of PASD1 is restricted to germline tissues in healthy individuals, but can be induced in
cells of somatic origin upon oncogenic transformation. Reducing PASD1 in human cancer cells
significantly increases the amplitude of transcriptional oscillations to generate more robust
circadian rhythms. Our results describe a function for a germline-specific protein in regulation of
the circadian clock and provide a molecular link from oncogenic transformation to suppression of
circadian rhythms.

INTRODUCTION

The circadian clock coordinates temporal control of physiology by regulating the expression
of at least 40% of the genome on a daily basis (Zhang et al., 2014). Disruption of circadian
rhythms through environmental stimuli (e.g. light at night) or genetic means can lead to the
onset of diseases such as: diabetes, cardiovascular disease, premature aging and cancer
(Filipski and Lévi, 2009; Jeyaraj et al., 2012; Kondratov et al., 2006; Marcheva et al., 2010).
Understanding the molecular basis of circadian transcriptional regulation in health and
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disease states offers the opportunity to control vast transcriptional programs that promote
health and well-being (Takahashi et al., 2008).

The heterodimeric basic helix-loop-helix PER-ARNT-SIM (bHLH-PAS) transcription factor
CLOCK:BMAL1 sits at the core of the molecular circadian clock in mammals.
CLOCK:BMAL1 drives expression of core clock factors Period (Per) and Cryptochrome
(Cry), as well as thousands of additional clock-controlled output genes (Koike et al., 2012;
Zhang et al., 2014). PER and CRY complexes interact with CLOCK:BMALL1 in the nucleus
to inhibit transcriptional activation and close the feedback loop, generating intrinsic ~24-
hour timing (Gustafson and Partch, 2014; Koike et al., 2012; Lee et al., 2001) This cell-
autonomous molecular oscillator is present in nearly every mammalian tissue (Nagoshi et
al., 2004; Welsh et al., 2004; Yoo et al., 2004) and is regulated by tissue-specific factors to
fine-tune circadian output genes according to cell type (Panda et al., 2002; Storch et al.,
2002). While the molecular circadian clock is broadly recognized as a systemic
transcriptional regulator, factors that provide tissue-specific regulation of the clock and its
outputs remain to be elucidated.

CLOCK and BMAL1 belong to the bHLH-PAS family of transcription factors, which share
similar domain architecture but regulate diverse processes including adaptation to hypoxia,
xenobiotic metabolism and neuronal development (Crews, 1998; Ema et al., 1996; Gu et al.,
1998; Mimura et al., 1999). Homotypic interactions between N-terminal DNA-binding
bHLH domains and tandem PAS domains guide formation of specific heterodimeric
transcription factor complexes (Huang et al., 2012; Scheuermann et al., 2009; Wang et al.,
2013). By contrast, bHLH-PAS C-termini interact with regulatory factors that modulate
activity of the complexes (Freedman et al., 2002; Kobayashi et al., 1997). In
CLOCK:BMAL1, the BMALL1 C-terminus harbors the essential transactivation domain
(TAD) that recruits coactivators CBP/p300 and cryptochrome repressors (Czarna et al.,
2011; Kiyohara et al., 2006; Takahata et al., 2000) and a short helical region encoded by
CLOCK Exon 19 interacts with the histone methyltransferase MLL1 and a vertebrate-
specific repressor CIPC (Katada and Sassone-Corsi, 2010; Zhao et al., 2007). Deletion of
Exon 19 prevents proper chromatin targeting of CLOCK:BMALL to interfere with circadian
transcriptional regulation (Gekakis et al., 1998; Vitaterna et al., 2006).

One interesting feature shared by bHLH-PAS transcription factors is their regulation by
paralogous PAS domain-containing repressors. By definition, each paralog repressor shares
significant homology with an activator subunit, but either possesses a repressive domain
and/or lacks a domain(s) necessary for activation (Ema et al., 1996; Evans et al., 2008;
Makino et al., 2001; Teh et al., 2006). These repressors are often expressed in a highly
restricted manner to control the tissue-specificity of transcriptional outputs (Fan et al., 1996;
Yamamoto et al., 2004). However, the mechanisms by which the pathway-specific paralogs
repress transcriptional activation by their cognate heterodimers, and importantly, how their
homology to activator subunits is used to impinge on transcriptional regulation are not well
understood.

The dedicated bHLH-PAS family repressor for circadian rhythms has not yet been
identified. Here we show that the protein PAS domain containing 1 (PASD1) is
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evolutionarily related to the circadian transcription factor subunit CLOCK and interacts with
the CLOCK:BMAL1 complex to inhibit transcriptional activation and suppress circadian
timekeeping. Furthermore, deletion of one region, highly conserved with CLOCK Exon 19,
alleviates repression by PASDL to suggest that it utilizes molecular mimicry to interfere
with CLOCK:BMAL1 function. As a cancer/testis antigen, expression of PASD1 is natively
restricted to gametogenic tissues but can be upregulated in somatic tissues as a consequence
of oncogenic transformation. Our work suggests that mechanisms to suppress circadian
cycling can be hard-wired in a tissue-specific manner and we show here that they can be co-
opted in cancer cells to attenuate clock function.

Identification of a CLOCK paralog in humans

The absence of a paralogous repressor for CLOCK:BMAL1 prompted us to search for
human clock protein paralogs that might serve this purpose. Using a PAS domain-based
query with the SMART algorithm (Letunic et al., 2014; Schultz et al., 1998) we discovered
an uncharacterized PAS domain-containing protein in humans, PAS domain containing
protein 1 (PASD1), that is homologous to CLOCK (Figures 1A and S1A). In contrast to
CLOCK, PASD1 lacks the DNA-binding bHLH domain and the PAS-B domain, both of
which are needed to interact with BMAL1 to form a functional heterodimeric transcription
factor (Huang et al., 2012). Similarity between PASD1 and CLOCK is restricted to the PAS-
A domain and a helical region in the C-terminus (Figures 1B and S1A) defined by CLOCK
Exon 19, which is essential for CLOCK:BMAL1 function (Gekakis et al., 1998; Katada and
Sassone-Corsi, 2010; King et al., 1997). PASD1 has two splice isoforms (PASD1v1 and
PASD1v2) that differ only by extension of the C-terminus (Figure 1B) (Liggins et al., 2004).
The C-terminus of PASD1 has more predicted secondary structure than CLOCK, with two
conserved helical regions designated coiled coil 1 and 2 (CC1 and CC2, Figure 1B). Based
on these sequence analyses, PASD1 demonstrates two key properties of a pathway-specific
bHLH-PAS repressor—homology to a bHLH-PAS activator subunit with the loss of
domain(s) critical for transcriptional activation (Makino et al., 2001; Mimura et al., 1999;
Moffett et al., 1997).

PASDL1 is an X-linked gene that is broadly conserved in mammals but absent in murine
lineages (Figure S1B), a property common to X-linked genes involved in spermatogenesis
(Mueller et al., 2013). In healthy individuals, PASDL1 is only expressed in germline tissues
such as the testis (Djureinovic et al., 2014); however, PASD1 can be found in somatic
tissues upon oncogenic transformation (Ait-Tahar et al., 2009; Cooper et al., 2006; Liggins
etal., 2004). PASDL1 is therefore designated as a cancer/testis antigen, a classification shared
with a large family of proteins that are normally expressed only in the germline and whose
expression can provoke immune responses when aberrantly upregulated in neoplastic
somatic cells (Ait-Tahar et al., 2009; Liggins et al., 2004; Whitehurst, 2014). While the
immunogenicity and expression of PASDL1 in a diverse array of human cancers have been
well characterized (Joseph-Pietras et al., 2010; Liggins et al., 2010), the cellular function of
this protein remains unknown. These data prompted us to investigate whether PASD1 could
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represent the dedicated bHLH-PAS family repressor that negatively regulates
CLOCK:BMALL.

PASDL1 is a nuclear protein that represses transcriptional activation by CLOCK:BMAL1

To determine if PASD1 regulates CLOCK:BMAL1 activity, we conducted a reporter gene
assay in human embryonic kKidney 293T (HEK293T) cells using the Per1:luc luciferase
reporter (Gekakis et al., 1998). PASD1 had no effect on the Per1:luc reporter by itself or in
combination with either CLOCK or BMAL1 alone, indicating that it cannot drive
transcriptional activation (Figure S2). Titration of either splice isoform of PASD1 led to
dose-dependent repression of CLOCK:BMALL activity, similar to the core clock repressor
Cryptochrome 1 (Figure 1C). Furthermore, both CRY1 and PASD1 demonstrated specificity
for CLOCK:BMAL1 as co-expression of either repressor with bHLH-PAS homologs
HIF-1a:ARNT or HIF-2a:ARNT had no effect on their transcriptional activation of a
hypoxia response element from VEGF (Figure 1D).

Regulation of CLOCK:BMAL1 transcriptional activity is likely to occur in the nucleus
where the complex is localized. To determine the subcellular localization of PASD1, we
transfected HEK293T cells with MY C-tagged versions of both splice isoforms of PASD1
and used immunofluorescence to visualize PASD1. Both MY C-tagged PASD1 splice
isoforms are localized exclusively in the nucleus, predominantly at the periphery where
heterochromatin is generally compartmentalized in metazoan cells (Padeken and Heun,
2014) (Figure 1E). To determine if PASDL1 interacts with CLOCK:BMAL1, we performed
co-immunoprecipitations of each protein from nuclear lysate of a U20S cell line stably
expressing PASD1-GFP. Endogenous BMALL1 precipitated both CLOCK and PASD1-GFP,
while CLOCK precipitated low levels of BMAL1 but no detectable PASD1-GFP (Figure
1F). PASD1-GFP precipitated BMAL1 but not CLOCK, suggesting that PASD1 may target
the CLOCK:BMAL1 complex through interaction with BMALL1. Taken together, these data
show that PASD1 is a potent and specific, nuclear repressor of the CLOCK:BMAL1
complex.

Identification of the PASD1 repressive domain

To understand how PASD1 regulates CLOCK:BMAL1 activity, we set out to identify the
repressive domain on PASD1. We initially focused our attention on the PASD1 PAS-A
domain because it shares a high degree of conservation with CLOCK (Figure S1A).
Moreover, PASDL residues conserved with CLOCK are predominantly localized at the
PAS-A interface of the CLOCK:BMAL1 heterodimer (Figure 2A). Mutations in CLOCK
PAS-A (L113E/F122R) at this interface diminish interaction with BMALL and decrease
transactivation by the complex in the Perl:luc reporter assay (Huang et al., 2012). We
reasoned that if PASD1 represses CLOCK:BMALL1 by sequestration of the BMAL1 PAS-A
domain, then mutation of homologous residues in PASD1 (V36E/M45R) should reduce
inhibition of CLOCK:BMAL1 by disrupting the interaction (Figure 2B). The CLOCK PAS-
A L113E/F122R mutant caused a significant decrease in Perl:luc activation with BMAL1
as previously reported (Huang et al., 2012), but we saw no effect of the PAS-A V36E/M45R
mutation on the ability of PASD1 to repress CLOCK:BMAL1 (Figure 2C). Moreover, we
determined that both full-length PASD1 and the isolated C-terminus repressed
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CLOCK:BMAL1 activity to the same degree (Figure 2D) and localized to the nucleus
(Figure 2E), demonstrating that the PASD1 C-terminus is sufficient to repress
CLOCK:BMAL1 activity.

The other major region of conservation between PASD1 and CLOCK exists within the
coiled-coil domain 1 (CC1) in the C-terminus of PASD1, which exhibits significant
homology with Exon 19 of CLOCK (Figure 3A). This short helical region of CLOCK is
important for transcriptional activation and necessary to sustain a robust amplitude of
cycling (Gekakis et al., 1998; Katada and Sassone-Corsi, 2010; Vitaterna et al., 2006),
suggesting that its conservation within PASD1 might play a role in its regulation of
CLOCK:BMAL1 activity. We deleted the CC1 region from the full-length protein
(PASD1ACC1) or the isolated C-terminus (C-term ACC1) to probe its role in
CLOCK:BMALL1 regulation (Figure 3B). Although CC1-truncated forms of PASD1 retained
nuclear localization and were expressed to the degree as full-length protein (Figures 3C and
S3A), repression of CLOCK:BMAL1-driven luciferase activity was significantly impaired
(Figure 3D). Co-expression of CLOCK and BMAL1 drives their nuclear localization
(Kondratov et al., 2003; Kwon et al., 2006). Full-length PASD1 and the C-terminus both
interacted with co-expressed CLOCK and BMAL1, and complex formation was visibly
reduced with deletion of CC1 (Figures 3E and S3B). Therefore, the CC1 domain of PASD1
is important for interaction with its cognate transcription factor and transcriptional
repression.

Regulation of CLOCK:BMAL1 by PASD1 CC1 and CLOCK Exon 19 are functionally linked

To probe how PASD1 impinges on transcriptional activation by CLOCK:BMAL1, we tested
two transcription factor mutants that interfere discretely with two key regulatory domains on
CLOCK:BMAL1: the BMAL1 TAD or CLOCK Exon 19. Both CLOCK:BMAL1 mutants
had reduced activity relative to wild-type CLOCK:BMAL1, but overall activity of the
heterodimer was sufficiently robust (~3—4 fold activation of the Per1:luc reporter over
background) to probe regulation of the complexes (Figure S3C). We first tested the CLOCK
HI:BMAL1 LL/AA mutant, which interferes with sequestration of the BMAL1 TAD by
CRY1 (unpublished data). Although the CLOCK HI:BMAL1 LL/AA mutant abolished
repression by CRY1, PASDL still potently repressed transcriptional activation to suggest
that PASD1 does not inhibit CLOCK:BMAL1 through sequestration of the BMAL1 TAD
(Figure 3F). We then tested the ability of PASD1 to repress CLOCKA19:BMAL1, which
lacks the 51 amino acids encoded by Exon 19 (Gekakis et al., 1998; King et al., 1997).
CRY1 could still potently repress the residual transactivation potential in the
CLOCKAI9:BMAL1 mutant (Figure 3G); however, PASD1 could no longer exhibited
repression of CLOCKA9:BMALL1 activity. We interpret these data to mean that PASD1
interferes with CLOCK:BMAL1 function in a manner that depends on the activating
potential of Exon 19; once disrupted in the CLOCKA19:BMAL1 mutant, PASD1 can no
longer further repress the heterodimer.

PASDL1 suppresses circadian cycling

To determine the effect of PASD1 expression on intact molecular circadian oscillators, we
examined circadian cycling in mouse NIH3T3 fibroblast cells, which completely lack the
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PASD1 gene, and human U20S osteosarcoma cells that cycle with high amplitude (Hirota et
al., 2008; Vollmers et al., 2008) but do not express PASD1 as determined by RT-gPCR
(Figures 4A and S4A). We generated Per2:dluc reporter cell lines stably expressing PASD1-
GFP or a GFP control after determining that GFP fusion does not alter PASD1 subcellular
localization or attenuate PASD1 activity towards CLOCK:BMAL1 (Figures 4B-C and
S4B). In both lines, expression of PASD1-GFP led to significant alterations in the molecular
oscillator (Figures 4D-E) marked by an increase in the period (~1 h) and rate of damping
(Figures 4F-G), which indicates defects in cell-autonomous clocks that lead to
desynchronization of the population (Izumo et al., 2006). In mouse NIH3T3 fibroblasts, we
also noted a significant decrease in amplitude upon PASD1-GFP expression that was not as
pronounced in U20S cells, which could be attributable to the higher basal amplitude of
cycling in the U20S cell line. (Figures 4F-G). Collectively, these findings demonstrate that
introduction of PASDL1 into naive cells attenuates the robustness of the molecular circadian
oscillator.

Identification of PASD1-positive cancer cell lines

PASDL is not expressed in cells of somatic origin unless it has been de-repressed due to
malignant transformation (Kim et al., 2013). The circadian clock is frequently disrupted in
cancer, allowing cells to escape its daily temporal control of regulated processes and
facilitate tumor growth (Filipski and Lévi, 2009; Sahar and Sassone-Corsi, 2009; Takahashi
et al., 2008). To determine if upregulation of PASD1 influences the robustness of the
circadian clock in human cancer, we screened a panel of cancer cell lines by examining
MRNA and protein expression of the two PASD1 splice isoforms. TagMan probes common
to both splice isoforms (Exon 11-12) or specific for the longer PASD1v2 isoform (Exon 14—
15) reported similar levels of expression, indicating that the longer isoform is predominantly
expressed in human cancer cells (Figure 5A) (Cooper et al., 2006). Among cancer cell lines
with the highest PASD1 mRNA expression, we found that G-361 melanoma, NCI-H1299
non-small cell lung carcinoma, COR-L23 large cell lung carcinoma, and the BT-20 breast
cancer line had PASD1 transcript levels comparable to human testis (Figure 5A). Relative
levels of PASD1 protein correlated with differences between mRNA transcripts when
analyzed by western blotting and expression of the longer isoform was confirmed by use of
isoform-specific antibodies (Figure 5B) (Cooper et al., 2006). Immunohistochemical
analysis of PASD1 expression in several cancer cell lines revealed cell-to-cell heterogeneity
in nuclear PASDL1 expression, particularly within SW480 colon cancer cells (Figure 5C).
Heterogeneous expression of cancer biomarkers is often seen in tumors and can drastically
affect the efficacy of cancer therapeutics (Marusyk et al., 2012). Moreover, in the context of
circadian regulation, heterogeneous expression of PASD1 could lead to differences in period
among individual cells that would serve to desynchronize cell-autonomous molecular
oscillators to diminish overall clock function in the tumor microenvironment.

Other repressors of CLOCK:BMALL are transcriptionally regulated by the clock, giving rise
to a circadian peak in mMRNA abundance (Albrecht et al., 1997; Anafi et al., 2014; Annayev
et al., 2014; Honma et al., 2002; Miyamoto and Sancar, 1999; Shearman et al., 1997; Zhao
et al., 2007). We examined PASD1 and Bmall mRNA and protein expression over a
circadian period in NCI-H1299 cells after synchronization of cellular clocks by
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dexamethasone. We found that expression of Bmall mRNA was rhythmic on the circadian
timescale, but exhibited low amplitude in its oscillation (ANOVA, p = 0.05) (Figure 5D).
PASD1 mRNA expression was antiphasic to Bmall with an even lower amplitude of
oscillation that did not reach criteria for significance (ANOVA, p = 0.12). Protein levels of
BMAL1 followed the same trend, with cyclical yet low amplitude circadian rhythms while
PASDL levels did not appear to cycle after synchronization (Figure 5E). Taken together,
these data suggest that PASD1 may be a CLOCK:BMAL1 target; however, we were unable
to detect a circadian oscillation of PASD1 mRNA or protein levels in NCI-H1299 cells.

Downregulation of PASD1 improves amplitude of cycling in human cancer cells

To assess the effect of endogenous PASD1 expression on circadian rhythms in human
cancer cells, we chose to study the NCI-H1299 cell line (high expression) and the SW480
cell line (lower levels with more heterogeneous expression) by stably incorporating the
Per2:dluc reporter gene (Zhang et al., 2009). Co-immunoprecipitation experiments in NCI-
H1299 Per2:dluc cells showed that a pool of endogenous PASD1 and BMAL1 interact
(Figure 6A). Transfection of the Per2:dluc lines with PASD1 siRNA achieved knockdown
of PASD1 in NCI-H1299 cells as assessed by RT-qPCR, although to a lesser degree in
SW480 cells (Figure 6B). siRNA treatment of NCI-H1299 Per2:dluc cells reduced PASD1
protein levels (Figure 6C) and resulted in a significant increase in the amplitude of circadian
cycling (Figures 6D-E). Fast Fourier Transform (FFT) power spectra of cycling data from
NCI-H1299 Per2:dluc cells also demonstrated that knockdown of PASD1 improved
amplitude (Figure 6F). This waveform analysis converts time domain cycling data into the
frequency domain, illustrating both the period of the oscillation and its amplitude,
demonstrated by the height of the strongest spectral peak that defines the circadian period.
The amplitude of circadian cycling was also significantly improved upon PASD1
knockdown in SW480 Per2:dluc cells (Figures 6G-1). We detected a modest but non-
significant trend towards a longer period in both lines with PASD1 knockdown (Figure S5).
The marked improvement of cycling amplitude in two distinct cancer cell lines upon
knockdown of PASD1 demonstrates that it can suppress circadian clock function when
upregulated in human cancer.

DISCUSSION

Our findings establish that PASD1 is the bHLH-PAS paralog repressor for the circadian
transcription factor CLOCK:BMALL. As such, PASD1 fulfills a role analogous to the aryl
hydrocarbon receptor repressor (AhRR) (Mimura et al., 1999), inhibitory PAS protein
(IPAS) (Makino et al., 2001), and neuronal PAS domain protein 1 (NPAS1) (Teh et al.,
2006), each dedicated to repression of a specific bHLH-PAS signaling pathway. Several
bHLH-PAS paralog repressors require their homologous PAS domains to interfere with the
function of cognate transcription factors (Makino et al., 2001; Mimura et al., 1999), while
others such as NPAS1 and SIM2 possess homologous PAS domains but utilize repressive
domains in their C-termini (Moffett and Pelletier, 2000; Moffett et al., 1997; Teh et al.,
2006). We discovered PASD1 by searching for PAS domain-containing homologs to
CLOCK and BMAL1 in humans. However, our studies addressing the biochemical
mechanism of PASD1 regulation highlighted an essential role for the C-terminal CC1
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domain that bears homology to the essential regulatory region encoded by CLOCK Exon 19.
The Id protein family also shares structural homology with CLOCK and BMALL in the
helix-loop-helix DNA-binding domain that it uses to repress the complex (Duffield et al.,
2009; Ward et al., 2010). However, by targeting a prevalent DNA-binding motif, these
proteins also repress many other transcriptional networks. Because PASD1 invokes
sequence similarity with CLOCK to regulate CLOCK:BMAL1 activity, it appears to be
more specific for the circadian pathway. We showed that PASD1 does not repress
CLOCK:BMALL1 activity like cryptochromes, which sequester the BMAL1 transcriptional
activation domain from coactivators (unpublished data). Instead, PASD1 requires the
activating potential of CLOCK Exon 19 to repress transcriptional activation by
CLOCK:BMALL. Collectively, these data suggest that PASDL1 utilizes molecular mimicry
of CLOCK Exon 19 to interfere with CLOCK:BMAL1 function.

CLOCK Exon 19 is essential for CLOCK:BMAL1 function and its deletion generates a
dominant negative Clock®1® mutant that suppresses circadian rhythms (Gekakis et al., 1998;
King et al., 1997). The 51 amino acids encoded by CLOCK Exon 19 are needed to interact
with the coactivator histone methyltransferase MLL1 (Katada and Sassone-Corsi, 2010) and
a vertebrate-specific repressor, CLOCK-Interacting Protein Circadian, CIPC (Zhao et al.,
2007). Even though MLL1 interacts with both CLOCK and BMAL1 by co-
immunoprecipitation, it requires CLOCK Exon 19 to coordinate rhythmic changes in
Histone H3 Lysine4 trimethylation (Katada and Sassone-Corsi, 2010). Unlike MLL1 and
CIPC, we did not detect interaction of PASD1 with CLOCK; instead, our data show that
PASD1 requires its CC1 domain to interfere with CLOCK:BMAL1 function that is
mediated by Exon 19. The reciprocal relationship between PASD1 CC1 and CLOCK Exon
19 is further supported by similarities between PASD1 overexpression in 3T3 fibroblasts
and heterozygous expression of the dominant negative Clock®1® mutant, both of which
exhibit decreased amplitude, long period and rapid damping (Vitaterna et al., 2006).
However, the exact mechanism by which PASD1 impinges on transcriptional activation by
CLOCK:BMAL1 remains to be determined.

The limited distribution of PASD1 across tissues is analogous to other bHLH-PAS
repressors that are expressed selectively to control developmental or tissue-specific
programs of transcriptional activation (Fan et al., 1996; Makino et al., 2001; Michael and
Partch, 2013; Yamamoto et al., 2004). One powerful example of this is inhibition of the
hypoxia inducible factor, HIF (HIF-1a:ARNT), in the hypoxic cornea by its paralog
repressor IPAS, which prevents neovascularization in the cornea that would interfere with
vision (Makino et al., 2001). By virtue of its limited tissue distribution, PASD1 is poised to
suppress circadian rhythms in the germline and, as a consequence of its demethylation and
upregulation, in somatic cancers (Cooper et al., 2006; Whitehurst, 2014). Notably, mouse
and hamster testis do not exhibit molecular circadian rhythms (Alvarez and Sehgal, 2005;
Miyamoto and Sancar, 1999; Morse et al., 2003). It has yet to be demonstrated that testis
from other mammals, including humans, do not have circadian rhythms; however, based on
the data presented here, we speculate that high levels of PASD1 in human testis could lead
to suppression of circadian rhythms in the germline (Cooper et al., 2006). Connections
between the lack of circadian cycling in undifferentiated embryonic stem cells and the
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germline are just coming to light (Paulose et al., 2012; Umemura et al., 2014; Yagita et al.,
2010), making PASD1 an interesting link that could be explored further.

To date, cancer/testis antigens have largely been explored as targets for cancer
immunotherapy (Ait-Tahar et al., 2009; Joseph-Pietras et al., 2010; Whitehurst, 2014). It is
still unclear whether they simply serve as cancer biomarkers or whether their upregulation in
somatic cancer has consequences for tumor progression by promoting return to a germ-like
state (Simpson et al., 2005). Recent studies show that some cancer/testis antigens possess
activities consistent with the latter hypothesis, from promoting destabilization of tumor
suppressors to regulating genomic stability (Cappell et al., 2012; Doyle et al., 2010). Here
we describe a role for a cancer/testis antigen in suppression of the circadian clock, showing
that PASD1 can attenuate clock function even when heterogeneously expressed in cancer
cells. Circadian disruption has been connected to increased incidence of diabetes,
cardiovascular disease, and cancer (Filipski and Lévi, 2009; Jeyaraj et al., 2012; Marcheva
et al., 2010) but there is a growing appreciation for reciprocal regulation of circadian
rhythms by disease or altered metabolic states. In particular, consumption of a high fat diet
alters the metabolic state to suppress CLOCK:BMAL1-driven transcriptional activation and
dampen circadian amplitudes, allowing for the rewiring of vast transcriptional programs
(Eckel-Mabhan et al., 2013; Hatori et al., 2012). These studies demonstrate the importance of
maintaining robust circadian amplitudes to promote proper temporal regulation of
physiology. Our discovery of PASD1 as a circadian bHLH-PAS paralog repressor that is
only expressed in somatic tissues after oncogenic transformation suggests that it may
represent a molecular link from oncogenesis to circadian disruption.

EXPERIMENTAL PROCEDURES

Immunofluorescence

Antibodies

Cells were fixed with 4% paraformaldehyde for 10 minutes, then permeabilized and blocked
in phosphate buffered saline (PBS) containing 1% horse serum and 0.05% Triton X-100 for
15 minutes. Primary incubation was carried out for 1 hour at room temperature (RT) in
blocking solution with chicken anti-GFP (1:1,500; Aves labs) or mouse anti-MYC (1:1,000;
Abcam). Cells were washed 3x with PBS, then incubated with secondary Alexa Fluor
conjugated antibodies (1:2,000; Molecular Probes) and DAPI (Life Technologies) for 30
minutes. Slides were mounted in Fluoromount-G (Southern Biotech) and analyzed on a
Keyence BZ-9000 Fluorescence Microscope.

Polyclonal antibodies were generated against human PASD1 (rPASD1) (epitope:
DQMRSAEQTRLMPAEQRDS, residues 751-770) and human BMAL1 (Rey et al., 2011)
(epitope: LEADAGLGGPVDFSDLPWPL, residues 607-626) by immunization of KLH-
conjugated peptides in rabbits using standard protocols (Pierce Biotechnology). Serum was
affinity purified using the SulfoLink Immobiliation Kit using the manufacturer’s instructions
(Thermo) after conjugation of the antigenic peptide to the immobile phase. Purified
antibodies were dialyzed into 0.15M glycine, 50mM Tris-HCI, pH 7.0 with 50% glycerol
and aliquoted for storage at -80°C. Hybridoma supernatants containing anti-PASD1
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monoclonal antibodies (PASD1-1 and PASD1-2) were as previously described (Cooper et
al., 2006).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of a novel circadian repressor that is homologous to CLOCK
(A) Cladogram of bHLH-PAS transcription factors showing their evolutionary relationship.

Each branch of transcription factors within the bHLH-PAS family has a truncated
transcriptional repressor that clusters with its related activator subunit and shares similar
domain architecture. bHLH: basic helix-loop-helix domain; PAS: PER-ARNT-SIM domain;
TAD: Transactivation domain; RPD, repression domain; ODD: Oxygen-dependent
degradation domain; MYST, histone acetyltransferase motif from the MYST family (Doi et
al., 2006). The cladogram was generated using EMBL-EBI Clustal Omega. Activator
subunits have solid lines; repressors have dashed lines. (B) Comparison of human PASD1
and CLOCK domain organization. Gray shading highlights regions of high sequence
identity with PASD1. CC1: Coiled-coil domain 1, CC2: Coiled-coil domain 2, Ex 19: Exon
19, Ac: histone acetyltransferase motif. v1 and v2 refer to splice isoforms. See also Figure
S1A. (C) Both isoforms of PASD1 inhibit CLOCK:BMAL1 activity in Per1:luc reporter
gene assays. HEK293T cells were transfected with Perl:luc, CLOCK, BMAL1 and
increasing amounts of CRY1 or PASD1 plasmid as indicated. (n = 3 experiments, mean *
SD) (D) CRY1 and PASD1 do not inhibit transactivation of a VEGF:luc reporter by the
bHLH-PAS homologs HIF-1a:ARNT or HIF-2a:ARNT. HA-tagged P1P2N mutants
stabilize expression of HIF-1a or HIF-2a under normoxic conditions (Dioum et al., 2009).
(n = 3) (E) HEK293T cells were transiently transfected with MYC-PASD1v1 and MYC-
PASD1v2 and subcellular localization was determined by immunofluorescence. Scale bar,
20 um. (F) Co-immunoprecipitation of endogenous BMAL1, CLOCK with PASD1-GFP
from U20S Per2:dluc PASD1-GFP cells. See also Figure S1.

Mol Cell. Author manuscript; available in PMC 2016 June 04.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Michael et al.

Page 16

-
[$)]
)

o

a

]
=
»

Normalized
luciferase activity
o
Normalized
luciferase activity
o
L
J =
w

o
[$)]
N

+ BMAL1 +
- CLOCK + + + + +
+ -

CLOCK:BMAL1 + -
CLK MUT: BMAL1 - +
- PASD1

= PASD1 C-term

PASD1 -
PASD1 MUT -

E DAPI Y Merge

MYC-PASD1 C-term

Figure 2. The C-terminus of PASD1 is sufficient to repress CLOCK:BMAL1
(A) Mapping of residues conserved between PASD1 and CLOCK onto the CLOCK:BMAL1

PAS-A domain interface (PDB: 4F3L). BMALL1 (yellow), CLOCK residues conserved with
PASD1 (blue) or non-conserved (white). Location of the CLOCK PAS-A mutations
(L113E/F122R) that disrupt the CLOCK:BMAL1 heterodimer and reduce transactivation
are shown (Huang et al., 2012). (B) Schematic of PASD1 expression constructs.
Arrowheads indicate point mutations in the PAS-A domain. (C) Mutation of the PASD1
PAS-A (-sheet interface (V36E/M45R) does not affect repression of CLOCK:BMAL1,
while mutation of analogous residues in the PAS-A domain of CLOCK (L113E/F122R)
reduces activation of the Per1:luc gene (Huang et al., 2012) (n = 3 experiments, mean +
SD). Significance was determined by Student’s t-test: **, p < 0.01, n.s., not significant. (D)
The PASD1 C-terminus is sufficient to repress CLOCK:BMAL1 Per1:luc luciferase
expression (n = 3). Significance was determined by Student’s t-test: n.s., not significant. (E)
HEK293T cells were transiently transfected with MYC-PASD1v1 C-term and subcellular
localization was determined by immunofluorescence. Scale bar, 20 um. See also Figure S2.
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Figure 3. PASD1 requires its CC1 domain and Exon 19 of CLOCK to repress CLOCK:BMAL1
(A) TCoffee alignment of CLOCK and NPAS2 Exon 19 with PASD1 CC1 domain. (B)

Schematic of PASD1 expression constructs used in luciferase assays. (C) Deletion of CC1
domain in the full-length protein or C-terminus does not affect nuclear localization.
HEK?293T cells were transfected with MY C-tagged constructs and subcellular localization
was visualized by immunofluorescence. Scale bar, 20 pm. (D) Deletion of the PASD1 CC1
domain (residues 365-415) relieves repression of CLOCK:BMAL1 activation of the
Perl:luc gene (n = 3 experiments, mean + SD). See also Figure S3A. (E) PASD1-MYC
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tagged C-term ACC1 shows decreased interaction when both CLOCK and BMAL1 are
precipitated compared to the MY C tagged C-terminus. Asterisk, non-specific protein. See
also Figure S3B. (F) Mutation of two residues in the PAS-B domain HI loop of CLOCK
(Q361P/W362R; HI) and BMAL1 (L606A/LE07A; LL/AA) that reduce repression by CRY1
do not affect PASD1-mediated repression in Perl:luc luciferase assays (n = 3). (G) CRY1
can inhibit transactivation by CLOCKA9:BMAL1 but PASD1 cannot (n = 3). See also
Figure S3.
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Figure 4. Overexpression of PASD1 lengthens period and increases damping of circadian cycling
in cell culture
(A) Comparison of PASD1 expression in human testis and U20S cells by RT-gPCR. See

also Figure S4A. (B) Immunofluorescence of PASD1-GFP in a U20S Per2:dluc cell line
stably expressing PASD1-GFP. Scale bar, 20 pm. See also Figure S4B. (C) Fusion of GFP
to PASD1 does not affect repression of CLOCK:BMALL1. Significance was determined by
Student’s t-test: n.s., not significant. (D) Representative bioluminescence records from
mouse NIH3T3 Per2:dluc cells expressing GFP or PASD1-GFP (n = 8). (E) Representative
bioluminescence records from human U20S Per2:dluc cells expressing GFP or PASD1-
GFP (n =11). (F) PASD1-GFP expression in NIH-3T3 Per2:dluc cells significantly
lengthens period, increases damping rate and decreases amplitude. Period (hours) + SEM:
GFP 21.3 £ 0.2, PASD1-GFP 23.0 £+ 0.53. Damping (days) + SEM: GFP 1.29 £+ 0.3,
PASD1-GFP 0.65 + 0.046. (G) PASD1-GFP expression in U20S Per2:dluc cells
significantly lengthens period and increases damping rate. Period (hours) £ SEM: GFP
21.55 £ 0.07, PASD1-GFP 22.2 £ 0.2. Damping (days) + SEM: GFP 5.05 + 0.6, PASD1-
GFP 3.24 + 0.27, n =11. Significance was determined by Student’s t-test: *, p < 0.05; **, p
< 0.01. See also Figure S4.
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Figure 5. PASD1 mRNA and protein is expressed in a diverse array of human cancers
(A) Examination of PASD1 transcripts in a panel of cancer cell lines by RT-gPCR. Exon

11-12 TagMan probe (Hs01098424_m1) recognizes both splice isoforms, while the Exon
14-15 (Hs00542871_m1) TagMan probe recognizes only the long isoform. PASD1
expression was normalized to TBP (TATA Box Binding Protein), 18S RNA and HPRT1
(Hypoxanthine phosphoribosyltransferase 1) and all samples are presented relative to
PASD1 expression in human testis, normalized to 1. Error bars indicate standard deviation
from n = 3 measurements. (B) Western blot analysis of PASD1 protein expression in the
same cell lines as in panel A. The PASD1-1 monoclonal antibody recognizes an epitope
between residues 195-474, common to both splice isoforms. The PASD1-2 monoclonal
antibody recognizes an epitope between residues 640-773 that is specific to the longer
isoform (Cooper et al., 2006). (C) Immunochistochemistry of PASD1 positive cancer cell
lines. Hematoxylin and eosin staining (blue), nuclei; PASD1 staining (brown). (D) RT-
gPCR of PASD1 and Bmall in NCI-H1299 cells after circadian synchronization with 100
nM dexamethasone. Relative mRNA values are normalized to GAPDH and error bars
represent the mean + SEM of two independent experiments. (E) Western blot of PASD1 and
BMAL1 protein expression in circadian synchronized NCI-H1299 cells. Data are
representative of two independent experiments.

Mol Cell. Author manuscript; available in PMC 2016 June 04.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Michael et al.

—lP B
A NCI-H1299 SW480
o Per2:dluc Per2:dluc
© « £ 2
N N 2 H
o L 3 3 10
& & 0 < 10 H
kDa Input  ¢° %\& [« % %
100 — 5 5
+ @ B:CLOCK % P § 0s
75 ] ]
» '- 1B: BMAL1 3 E
(RS RS
- " e
1B: PASD1 & 8 &
100 —
D E
NCI-H1299 Per2:dluc
N
Control siRNA
::s;::;nnn 400
.
©
g 300 -5
£ .
§an{ ==

Relative luminescence
3
38

Control PASD1
| 2 3 4 5 6 7 8 siRNA SiRNA
Time after synchronization (days)

G SW480 Per2:dluc H

Control siRNA
PASD1 siRNA

Amplitude
N @ &
8 8 8

Relative luminescence
3
8

Control PASD1
SiRNA SiRNA

2 3 4 5 6 7 8

Time after synchronization (days)

Figure 6. Reducing expression of PASD1 in cancer cells increases robustness of circadian

rhythms

(A) Co-immunoprecipitation of endogenous CLOCK, BMAL1 and PASD1 from NCI-
H1299 nuclear extract. (B) Reduction of PASD1 mRNA in NCI-H1299 Per2:dluc and
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SW480 Per2:dluc cells after siRNA by RT-qPCR. (n = 3 experiments, mean + SD) (C)
Knockdown of PASD1 protein in NCI-H1299 Per2:dluc cells with siRNA. Due to the lower
level of heterogeneous expression of PASD1 in SW480 cells, protein levels were at the limit
of detection by western blot using our polyclonal rPASD1 antibody; therefore, knockdown
was assessed only using RT-qPCR. (D) Representative bioluminescence records from NCI-
H1299 Per2:dluc lung cancer cells transfected with control scramble or PASD1 siRNA (h =
4). (E) Mean amplitude values from independent experiments. Data are represented as mean

+ SEM. Significance was assessed by Student’s t-test, *, p < 0.05. (F) FFT analysis

spectrum of cycling traces shown in part D. G to 1) Same as in panels D to F for SW480
Per2:dluc colon cancer cells. Student’s t-test, *, p < 0.05. See also Figure S5.
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