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SUMMARY

The suprachiasmatic nucleus (SCN) is the central circadian clock in mammals. It is entrained by
light, but resistant to temperature shifts that entrain peripheral clocks [1-5]. The SCN expresses
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many functionally important neuropeptides including vasoactive intestinal peptide (VIP), which
drives light entrainment, synchrony, and amplitude of SCN cellular clocks, and organizes circadian
behavior [5-16]. The transcription factor LHX1 drives SCN Vip expression, and cellular
desynchrony in LAxI-deficient SCN largely results from Viploss [17,18]. LHX1 regulates many
genes other than Vi, yet activity rhythms in L/AxZ-deficient mice are similar to Vjp™~ mice under
light-dark cycles, and only somewhat worse in constant conditions. We suspected that LHX1
targets other than Vip have circadian functions overlooked in previous studies. In this study, we
compared circadian sleep and temperature rhythms of L/xZ and Vip-deficient mice, and found loss
of acute light control of sleep in LAxZ but not Vip mutants. We also found loss of circadian
resistance to fever in L/AxZ but not Vip mice, which was partially recapitulated by heat application
to cultured LAxI-deficient SCN. Having identified VIP-independent functions of LHX1, we
mapped the VIP-independent transcriptional network downstream of LHX1, and a largely
separable VIP-dependent transcriptional network. The VIP-independent network does not affect
core clock amplitude and synchrony, unlike the VIP-dependent network. . These studies identify
Lhx1 as the first gene required for temperature resistance of the SCN clockworks, and demonstrate
that acute light control of sleep is routed through the SCN and its immediate output regions.

Results and Discussion
Lhx1 in the SCN/VSPZ Mediates Light and Circadian Control of Sleep/Wake

Rodents show three distinct vigilance states detectable by electroencephalography and
electromyography (EEG/EMG): wake, NREMS (non-rapid-eye movement sleep), and
REMS (rapid-eye movement sleep). Six3-Cre,Lhx1/0¥1ox sleep/wake distribution in 12:12
LD lacks significant temporal regulation of wake, NREMS, or REMS (p=0.17, 0.16, 0.24;
Figure 1A; Supplemental Data Set). Six3-Cre;L hx1/0!oX waking is higher during the day
and lower at night than controls, and NREMS and REMS show the opposite pattern (p<0.05
or p<0.01); time in each state over the full 24-hour cycle is unchanged (Figure 1B).
However, this does not reflect a flat distribution of vigilance; lack of circadian and light-
dependent regulation of sleep in L/AxZ mutants unmasks rapid oscillations of sleep/wake
state, which coalesce into ultradian rhythms in some animals (2/5 mice with one or more
p<0.05 ultradian rhythm by JTK-Cycle; Figure S1A; Supplemental Data Set). Parameters of
sleep consolidation were also altered in Six3-Cre;Lhx1/2%/1oX mice in LD. Wake bout
duration was longer during daytime and shorter at night in L/AxZ mutants compared to
controls (p<0.05), though day and night bout duration of REMS and NREMS were
unchanged. The full 24-hour cycle bout duration of all states were similar in Six3-

Cre;L hx1/0/1ox and control mice (Figure 1C). LAxI mutants also had fewer short (4 sec)
wake bouts during daytime (p<0.01) and more at night (p<0.05) compared to controls, and
had fewer longer 32 and 60 second bouts of NREMS during daytime, and more 32 second
bouts at night (p<0.05; Figure 1D). Importantly, these changes in sleep structure (especially
selective lengthening of mean wake bout duration due to loss of very short, abortive wake
bouts during daytime, and cases of significant ultradian rhythmicity unmasked by profound
lack of all sources of higher-order temporal structure) support profound loss of both
circadian and light control of sleep in LAxI-deficient mice. Unsurprisingly, sleep/wake was
also profoundly disorganized in Six3-Cre;Lhx1/01°X mice in DD (Figure S1B).
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Vip™~ mice reportedly retain damped rhythms in wake, NREMS, and REMS under LD, in
marked contrast to L/xZ mutants [19]. We repeated this study, and confirmed that Vip loss
alone cannot explain Six3Cre;L hx1/2%/1ox |_D sleep/wake phenotypes. Vip™~ mice had
milder day-night changes in state duration relative to controls that, unlike in LAxZ mutants,
left Vip™~ mice with significant temporal regulation of vigilance (p<0.01 for REMS;
genotype/time interaction p>0.05 obviated genotype-specific post-analysis for wake and
NREMS; Figure 1A-B; Supplemental Data Set). Vjp™~ mice also lacked differences in mean
bout duration and number of bouts of any length relative to controls (Figure 1C-D), and no
Vip™~ mice exhibited significant ultradian rhythms (Supplemental Data Set). Our sleep
timing results were similar to those previously reported; however, we observed no significant
loss of daytime REMS in Vjp™~ mice, leading to increased instead of decreased total REMS
in our Vip™~ mice compared to controls (p<0.05; Figure 1B) [19] .

SCN-lesioned animals in LD more closely mirror the sleep/wake phenotype of Six3-

Cre;L hx1/0/Iox mice, exhibiting profound loss of all temporal control over the 24-hour cycle
that unmasks ultradian rhythms [20-22]. However, retinohypothalamic tract damage in these
lesion studies left unanswered to what extent their sleep/wake phenotypes reflected lost
retinal input. Retinal input is intact in Six3-Cre;Lhx1/0¥/0X SCN [17]. Moreover, pupillary
light reflexes are preserved in Six3-Cre;L hx1/0IoX mice, indicating that retinal ipRGCs
(which innervate both the SCN and pupil-controlling OPN) are functional [17]. However,
ventral subparaventricular zone (vSPZ) L/AxI expression is also lost in Six3-Cre; L hx1/ox/lox
mice. vSPZ preferentially conveys circadian information about sleep/wake cycles (likely
contributing to worse sleep/wake disruption in Six3-Cre, L hx1/0IoX mutants compared to
other rhythmic behaviors) and can cause ultradian sleep phenotypes when lesioned
selectively [17,23]. Thus, LAxZ loss in both the SCN and vSPZ may contribute to Six3-
Cre; L hx1/0X/IoX s|eep phenotypes.

Our data show that the SCN/vSPZ complex is essential for direct induction of sleep by light.
Comparatively worse impairment of Six3-Cre, L hx1/0X/oX sleep/wake rhythms compared to
their wheel-running behavior support findings that light-dependent masking of activity and
sleep/wake rely upon at least partially non-overlapping circuitry[17,24] . Importantly, our
results extend to temporal organization of sleep findings by others that SCN-relayed light
inputs can clock-independently synchronize peripheral oscillators [25,26], and provide
important clues to the SCN circuitry underlying light control of this process.

Lhx1in the SCN Mediates Resistance of Circadian Behavior to Temperature

SCN network properties are essential for SCN resistance to thermal perturbation [2]. Since
Lhx1 regulates SCN signaling so broadly, we hypothesized that Six3-Cre;L hx1/0x/1ox
circadian behavior could be modified by thermal cues. To test this, we induced fever by
injecting lipopolysaccharide (LPS) while recording core body temperature (CBT) rhythms
by telemetry. Three daily injections (3X) of LPS consolidated CBT rhythms of Six3-

Cre; L hx1/o%/Iox mice (Figure 2B), shifting the distribution of mutants with single, multiple,
or no rhythms significantly toward single rhythms (hereafter referred to as consolidation)
(p<0.05; Figure 2H; Supplemental Data Set). Mean period also lengthened to approximate
the injection interval of 24 hours (p<0.001 vs. baseline) (Figure 2G). These effects were
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durable, persisting up to three weeks. After a single (1X) LPS pulse, period became
indistinguishable from baseline (p>0.05), but consolidation was unchanged from 3X LPS
(p<0.01 vs. baseline; p=0.11 vs. 3X LPS) (Figure 2G-H). 1X LPS thus “reset” (reverted to
baseline) period but not consolidation phenotypes induced by 3X LPS. Wheel-running
behavior after LPS largely recapitulated period effects in Six3-Cre;Lhx1/0X/1oX mice,
demonstrating behavioral multimodality of LPS circadian effects (p<0.01 baseline vs 3X
LPS but not 1X LPS; Figure S2A-F). However, Six3-Cre, L hx1/0/Iox \wheel-running was not
consolidated by LPS, likely reflecting interference by the consolidating effects of running
wheels [27].

3X saline increased the number of Six3-Cre, L hx1/0/Iox mice with arrhythmic CBTs
(p<0.05; Figure 2H; Supplemental Data Set), with no effect on period (p>0.05; Figure 2G).
Thus, the effects of 3X LPS in L/AxZ mutants are unrelated to vehicle. Period and
consolidation were unaffected by LPS or saline in control mice (p>0.05; Figure 2A,D,G-H).
Vip™~ mice lacked changes in population consolidation or period after LPS or saline
(p>0.05; Figure 2C,F-H), though individuals show period scatter, especially after 1X LPS
(Figure S2I). This mirrors phase scatter in wild-type SCNs subjected to both Vipr2
antagonist and a heat pulse [2].

To assess the likelihood that fever drives LPS effects on L/AxZ mutant behavior, we subjected
Six3-Cre:L hx1!oX/1oX-per2:[ uc’* untreated, Per2:Luc’* tetrodotoxin (TTX)-treated,
Lhx110X/10X per2:| ;c* untreated, and Per2:Luc’* untreated SCN slice cultures to 1X heat
pulse. LhxI-deficient SCNs lacked resistance to this thermal resetting stimulus, reflected in
phase shifts much larger than untreated controls and identical to SCN slices in TTX
(p<0.001 vs. untreated, p>0.05 vs. TTX; Figure 21-J). Poor Six3-Cre;Lhx1/0X%X haseline
behavioral rhythms forbade phase shift analysis /n vivo, but phase resetting in culture recalls
the “resetting” of period and consolidation phenotypes in L/AxZ mutants after 1X LPS.

We then tested whether Six3-Cre, L hx1/0¥/ox SCN Per2:Luc rhythms could be entrained by
3X heat pulses. Control slices never showed amplitude or period changes after 3X heat
(Figure 2K). 3X heat only very weakly tended to lengthen Six3-Cre L hx1/0%10X; per2:f uc™*
period, perhaps due to plateauing of their already long baseline period compared to controls
(p<0.05; Figure S2L). Lhx1-deficient slices rhythmic at baseline also lacked amplitude
changes, though they did phase reset to 3X heat (Figures 2L and S2M; 4/7 slices; p<0.001).
However, 3X heat induced rhythms in all Six3-Cre, Lhx1/2/1oX-per2: uc’* SCNs arrhythmic
before treatment (indicated by Fourier transform in 3/7 slices; Figure 2M), suggesting a
mechanism for LPS consolidation of circadian behavior.

Our /n slice studies strongly support fever as the LPS response that consolidates and resets
behavioral rhythms in Six3-Cre;Lhx1/0%IoX mice after 3X LPS, and to which Vjp™~ mice
remain resistant. Thus, though VIP is sufficient to modify SCN thermal responsiveness [1],
our LPS data supports previous VIPR2 antagonist studies showing that VIP is not necessary
for circadian resistance to temperature [2]. Our study identifies L/x1 as the first gene
necessary for temperature resistance of the SCN clock, and provides the first direct evidence
that the SCN is the substrate of temperature resistance of circadian behavior.
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Mapping Vip-Dependent and Vip-Independent Lhx1 Transcriptional Networks

The SCN signals underlying both light control of sleep and SCN temperature resistance are
very poorly understood, making elucidation of the LHX1 transcriptional network impacting
these processes particularly mechanistically interesting. Vip expression is controlled by
LHX1 and mediates some of LHX1’s other circadian effects (such as synchronization of
SCN oscillators) [17,18]. We thus mapped VIP-dependent and VIP-independent LHX1
transcriptional networks by RNA-sequencing Six3-Cre, L hx1/0/1oX \/jp™~, and control
SCNs collected at mid-day, to identify candidate mediators of circadian behaviors dependent
upon LHX1 but not VIP.

Many transcripts were reduced by similar amounts compared to controls in both Vjp”~and
Six3-Cre; L hx1o%/Iox SCN, suggesting that LHX1 control of their expression is fully epistatic
to VIP (Figures 3C; 4A; S3I-T). These included genes with known circadian effects,
including neuropeptides (e.g. Avp, Prok2), signal transducers (e.g. Dusp4, Rgs16), and core
clock genes (e.g. Per2, Rora). Nmswas the only transcript expressed in Vjp™~ SCN at levels
intermediate between control and Six3-Cre;L hx1/0¥/0X SCN (Figures 3C; S3W,AA,; and

[17]).

Most VIP-dependent SCN transcripts (73.5%) are clock-controlled, often robustly, and are
often expressed in the dorsomedial shell, which is enriched for robustly rhythmic genes
more generally (Supplemental Data Set; Figure S3I-T,X-AA,DD). Further, many of these
transcripts provide direct input to the core clock, often in ways that bridge intercellular and
intracellular signaling. RGS16 drives cAMP rhythms required for normal phasing of SCN
subdomains [28]. CREB3L1 couples the core clock to Avp expression downstream of CAMP
signaling [29,30]. And DUSP4 gates pERK responses to light input, likely mediating lost
gating of light responses in Vjp™~ mice [16,31]. Other VIP-driven transcripts like PopIria
are promising SCN signal transduction candidates. PPP1R1A inhibits PP1 (which regulates
clock gene phosphorylation in Drosophila) downstream of CAMP-PKA signaling, in a
manner gated by [Ca2*] through both PKC and calcineurin [32-34]. Thus, PPP1R1A is a
potential integrator of CAMP- and PLC-mediated signaling in the SCN [35-37]. Other
intriguing hits include AvpiZ, a MAPK activator regulated by cAMP-PKA signaling[38,39];
Nnat, a regulator of [Ca%*1] [40]; and the GTPase Ras/11b. Elucidation of this transcriptional
network illuminates how the cell-autonomous amplitude-increasing and intercellular
synchrony-promoting effects of VIP interact with each other at the cellular level
[7,9,11,12,41].

Our SCN RNA-Seq identified few Six3-Cre, L hx1/0X/1oX _specific hits (Figure 3B;
Supplemental Data Set), which mostly lacked known or probable circadian functions, aside
from the neuropeptide Grp and receptor Ajpy6r (which represents a novel mechanism linking
LHX1 to Vijpexpression, given that Ajpy6rdrives SCN Vip transcription [42], is co-regulated
with LAxZand Vipin SCN by light [18], and is selectively up-regulated in Vjp7~SCN, ina
manner suggesting homeostatic compensation for Vip loss (Figure 3B)). However, some
known LHX1-regulated neuropeptides (Avp, Penk) fell short of our criteria, likely due to
contamination from nearby regions that highly express these transcripts [17,43]. Pathway
analysis of our RNA-Seq revealed that SCN signaling is even more broadly regulated by
LHX1 than previously thought, and also indicated a possible role for LHX1 in SCN
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cytoskeletal dynamics (Supplemental Data Set). We conducted ISH studies guided by these
analyses and found more transcripts important for signaling that are regulated by LHX1
independently of VIP, including Adcy3, Ankfnl, Avprla, Cadps2, Grpr, Kit, and Rasa4
(p<0.01 or p<0.05; Figures 4B; S3B-H). We also found VIP-dependent regulation of PdeZa
and Nts (p<0.01 or p<0.05; Figures 4A; S3K,W,DD). Finally, we validated our RNA-Seq for
18/19 hits tested (p<0.05 or p<0.01; Figures 4A-B; S3). The only hit not confirmed by ISH,
Plch2, trended down in L/AxZ mutant SCN (p>0.05; data not shown). The VIP-independent
LHX1 transcriptional network identified by these studies is only modestly clock-controlled,
with only 36% of SCN transcripts significantly rhythmic and even many of these having
only marginal rhythms (Supplemental Data Set). Many of these transcripts are also located
in the core and central SCN, where less robust oscillators are common (Figure S3A-H,AA-
CC). Finally, many of the VVIP-independent network’s components couple the core clock to
its input or outputs, rather than modulating the core clock per se (Supplemental Data Set)
[37,42,44-46]. Other network components like Grpand Grpr, while supportive of core clock
functions like synchronization [12,47], are non-essential for behavioral rhythmicity and
primarily mediate photoentrainment [48,49].

To directly test whether the VIP-independent LHX1 transcriptional network meaningfully
interacts with the core clock separately from the VIP-dependent network, we did ISH for
Per2and Avpin Vip™~, Six3-Cre;L hx1/2/1oX and control SCNSs, at high and low circadian
times (CT6,18). Per2and Avp in both mutants was statistically indistinguishable from
trough expression in controls regardless of circadian time (p>0.05; Figure 4C-D,S3U-V),
and down by similar amounts from peak expression in their respective controls (p<0.001).
Thus, the VIP-independent LHX1 transcriptional network exerts its circadian effects mostly
through SCN signaling that does not impinge on the core clock, consistent with a key role in
regulating SCN input and output. Surprisingly, this implies that unlike the strong
relationship between core clock amplitude and SCN resistance to photic input, core clock
amplitude is largely dispensable for SCN resistance to thermal input [50-52].

Finally, this study identified a promising cluster of signaling pathways that likely mediate
VIP-independent functions of LHX1. Components of this transcriptional module like
Ankinl (the murine homolog of Drosophila wide awake) and Nms (a member of the sleep-
regulating neuromedin family) may contribute to light control of sleep [44,53,54].
Furthermore, localization of these and many other VIP-independent, LHX1-regulated
transcripts in the SCN core and central domains give insight into the SCN circuitry
underlying regulation of sleep timing by light.

Finally, GRP, NMS, and AVP signaling are all regulated by LHX1 independently of Vipat
the neuropeptide and/or receptor level (Figures 3,4,53), and directly impact SCN [CaZ™i].
Since Ca?*-fluxing Trp channels and Ca2*-regulated effectors like SOLH protease and HSF1
convey heat input to the molecular clock, the AVP/GRP/NMS signaling cluster is a
candidate substrate of SCN thermal resistance [2—4,55-57]. These findings give
considerable insight that can guide the large-scale loss-of-function and gain-of-function
studies needed to further plumb the signaling pathways underlying these phenomena going
forward.
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Experimental Procedures

Animal Housing, Care, and Genotyping

Six3-Cre; L hx1/0/10X and [ hx1/0%/1ox mice, and Vip™~and Vip™* mice, were used for most
studies. Six3-Cre; L hx1'0X/10Xper2:1 uc’* and control LAx1/0X/10X per2: uc’* mice were used
for luciferase studies. Adult (2-8 month) males were used for behavior; other studies used
adult sex-matched pairs of both sexes. £/Ax1/0%1oX was originally on mixed C57BL6/Sv129
background; other alleles were pure C57BL6. Thus, littermate controls were always used for
Six3-Cre; L hx1o%/Iox mice, while age-matched non-littermate controls were sometimes
substituted for Vjp™~ mice. Except where noted, mice were on 15:9 hr light:dark (LD) cycle.
Procedures and care were approved by Johns Hopkins IACUC, consistent with NIH
guidelines. Transnetyx conducted most genotyping. Cre was detected by presence of a ~300
bp band amplified using 5-TTCCCGCAGAACCTGAAGAT-3” and 5'-
CCCCAGAAATGCCAGATTAC-3".

RNA-Sequencing

Brains were dissected from ~ZT6-9 in 15:9 LD and SCNs were collected as described [58].
Five punches were pooled for each of three biological replicates. cDNA libraries were
generated from extracted RNA and sequenced to a paired-end read depth of 100 cycles.
Alignment and fold-change was computed in Galaxy, and data was processed through a
labor-intensive custom analysis pipeline to minimize false-positives. See Supplement for
details.

In Situ Hybridization

Brains were prepared in a window of ~ZT6-9, as described [17]. Densitometry was done in
ImageJ, using rolling-ball correction and subtracting cell-poor signal to compensate for
background. Control intensity was normalized to 100, expressing mutants as % control
signal. Some probes were hydrolyzed to improve signal-to-noise. Probes listed in
Supplemental Data Set.

Electroencephalography/Electromyography (EEG/EMG)

Anesthetized mice were implanted with EEG/EMG headmounts secured by anterior 0.1”
and posterior 0.12” surgical screws (Pinnacle Technology) located at approximately +2 mm
AP, £1.3 mm ML and -3.5 mm AP, £1.3 mm ML from Bregma. These were connected to
the headmount contacts with conductive silver epoxy and protected with a skull cap of Jet
Denture Repair cement (Lang Dental). Recordings were done with a 3-channel acquisition
system and Sirenia software (Pinnacle Technology), and analyzed as described [59-61].

Lipopolysaccharide (LPS) Telemetry and Wheel Running Studies

For telemetry, G2 emitters (Starr Life Sciences) were implanted into the IP cavity of
anesthetized mice. CBT was recorded in Vitalview (Respironics) and analyzed in Clocklab
(Actimetrics). Wheel running was assayed as described [17]. After pre-conditioning with 1X
LPS in 12:12 LD during entrainment, mice were moved to DD for 2-3 weeks, then given 3X
LPS, followed by 1X LPS 2-3 weeks later. See Supplement for LPS protocol details.
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Per2:Luc Temperature Studies

Experiments were conducted as described[2] . See Supplemental Methods for details.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Lhx1 Regulates Both Light and Circadian Control of Sleep Timing
(A) Line graphs showing vigilance state duration in £/x1/2%/oX (black) and Six3-

Cre;Lhx1"0X1ox (blue) mice (left), and Vip™* (gray) and Vip™~ (green) mice (right) across a
24-hour cycle in 12:12 LD (n=5,5,8,8; mean +/- SEM). Significance of temporal regulation
of sleep/wake within each population was assessed by Greenhouse-Geisser corrected
ANOVA. Significance of individual animals’ ultradian rhythmicity was assessed by
Benjamini-Hochberg corrected JTK-Cycle analyses of each vigilance state (n=72). See
Supplemental Data Set for details.

(B) Bar graphs showing vigilance state duration across the full 24-hour cycle (left), day
(middle) and night (right), in LAx1/0%1ox (black) and Six3-Cre;Lhx1/0X/1oX (blue) mice, and
Vip** (gray) and Vjp™~ (green) mice (n=5,5,8,8; two-tailed t-tests; *p<0.05; **p<0.01;
mean +/— SEM).

(C) Bar graphs showing vigilance bout duration across the full 24-hour cycle (left), day
(middle) and night (right), in L/Ax1/0X1X (black) and Six3-Cre; L hx1/010X (blue) mice, and
Vip** (gray) and Vip™~ (green) mice (n=5,5,8,8; two-tailed t-tests; *p<0.05; mean +/-
SEM).

(D) Bar graphs showing the number of short (top), intermediate (middle), or long (bottom)
vigilance state bouts across the full 24-hour cycle (left), day (middle) and night (right), in
Lhx1/0X/10X (black) and Six3-Cre;Lhx1/0%1°X (blue) mice, and Vip** (gray) and Vip™~
(green) mice (n=5,5,8,8; two-tailed t-tests; *p<0.05; **p<0.01; mean +/- SEM).

See also Figure S1 and Supplemental Data Set.
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Figure 2. Six3-Cre;Lhx1!%19% Circadian Behavior and SCN Clock Are Susceptible to Heat
(A-C) Sample CBT recordings from control (A), Six3-Cre;Lhx1/01oX (B) and Vip™~ (C)

mice in DD, before and after 3X (long red rectangle), and 1X (red square) LPS injections.
(D-E) Sample CBT recordings from control (D), Six3-Cre;Lhx1/0X/1ox (E), and Vip™~ (F)
mice in DD, before and after 3X saline injections (red rectangle).

(G) Bar graph showing period of control (black), Six3-Cre;Lhx1/0¥1ox (blue), and Vip™~
(green) mice before and after 3X LPS, 1X LPS, and 3X saline (Supplemental Data Set; two-
way ANOVA with Tukey post-hoc tests; ***p<0.001; mean +/— SEM; only within-genotype
comparisons to baseline are shown).

(H) Bar graphs showing the number of control (black), Six3-Cre;Lhx1/0%!0X (blug), and
Vip™~ (green) mice that had singly rhythmic, multiply rhythmic, or arrhythmic CBTs before
and after 3X LPS, 1X LPS, and 3X saline (Supplemental Data Set; 2x3 Fisher’s exact test;
*p<0.05; only within-genotype comparisons to baseline are shown).

(1) Background-subtracted Per2::L uc bioluminescence traces from L/x1/0X//X (black) or
Six3-Cre; L hx1/0¥/lox (blue) SCN, before and after a single 3-hour 38.5°C heat pulse (yellow
square).

(J) Phase shifts of Per2::Luc rhythms after a single 3-hour 38.5°C heat pulse in L/Axz/0x/Tox
(black), Six3-Cre;Lhx1//loX (blug), wild type (gray), and wild type + 1mM TTX (red) SCN
(n=7,4,7,6; one way ANOVA with Tukey post-hoc; ***p<0.001; mean +/— SEM).

(K-M) Background-subtracted Per2::Luc bioluminescence traces of L/x1/0¥/1ox (black, K),
rhythmic Six3-Cre;Lhx1/0X1ox (blue, L), or arrhythmic Six3-Cre;Lhx1/0X1ox (blue, M)
SCNs. SCNs received 3X 3 hour, 38.5°C heat pulses (yellow squares). This treatment
merely phase-shifted Six3-Cre;Lhx1/0%!°X slices rhythmic at baseline (L), but was able to
induce rhythms in Six3-Cre;L hx1/0X1ox s|ices arrhythmic at baseline (M).

See also Figure S2 and Supplemental Data Set.
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Figure 3. Elucidation of Two Distinct Lhx1-Regulated Transcriptional Networks
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(A) Venn diagram of transcripts dysregulated in SCN of Six3-Cre;Lhx1/0%/1ox SCN (blue),
Vip™~ SCN (green), or both (overlap) at mid-day. * indicates conflicting RNA-Seq and ISH

result.

(B) XY plot of unique transcripts, with mean FPKM fold-change in Vjp™~vs. Vip™* SCN
on the x-axis and in Six3-Cre;Lhx1/0X/1ox ys, [ hx1/0X/Iox SCN on the y-axis. Gray transcripts
are false positives, black transcripts are down in both mutants, and blue transcripts are down
in Six3-Cre;Lhx1/0Iox SCN. Vjpand several false positives with extreme FPKMSs were

excluded from this plot.

(C) Sample RNA-Seq gene expression traces visualized on the UCSC browser. Data from
Lhx1/0X/10X (black), Six3-Cre;Lhx1/01ox (blue), Vip*’* (gray), and Vip™~ (green) replicates

are shown.
See also Supplemental Data Set.

Curr Biol. Author manuscript; available in PMC 2018 January 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Page 15

>
8

VIP-Dependent
ISH Intensity

80
40

=

3

— T I gy
2 .,59 & o oo"q‘ & V-'N} <
<

L A & & o
Bl
[
(o
pib o W x>
§§ L M Six3-Cro;Lhx1'™"
§ L] 0 m vip**
E (% 0 m vip™”
S ol
LR NP I T R G
A v S \ &*
C

2 B

Avp ISH Intensity
3

Figure 4. Effects of Lhx1 and Vip on SCN Gene Expression
(A) Densitometry showed similarly decreased expression in Six3-Cre;Lhx1/0%/1oX and Vo™~

SCN for transcripts J-U (n=3, two-tailed paired t-tests, *p<0.05; **p<0.01, mean +/- SEM).
(B) Densitometry showed decreased expression in Six3-Cre;L hx1/0¥/oX byt not Vijp™~ SCN
for transcripts A-H. It also showed selectively increased Ajpy6rin Vip™~ SCN (n=3, two-
tailed paired t-tests, *p<0.05; **p<0.01, mean +/— SEM). Tissue in (A-B) collected in a
window from ~ZT6-9.

(C-D) Densitometry of SCN ISH showed decreased Avp and Per2 expression at CT6,
normally a circadian time of peak or near-peak expression for these transcripts, to trough
levels similar to control expression at CT18 in both Six3-Cre;L hx1/0X10X and Vip™~ mutants
(n=3, two-way ANOVA with post-hoc Tukey tests, ****p<0.0001, graph depicts mean +/—
SEM).

See also Figure S3 and Supplemental Data Set.
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