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SUMMARY
The transcriptional response to hypoxia is temporally regulated, yet the molecular underpinnings and phys-
iological implications are unknown. We examined the roles of hepatic Bmal1 and Hif1a in the circadian
response to hypoxia in mice. We found that the majority of the transcriptional response to hypoxia is
dependent on either Bmal1 or Hif1a, through shared and distinct roles that are daytime determined. We
further show that hypoxia-inducible factor (HIF)1a accumulation upon hypoxia is temporally regulated
and Bmal1 dependent. Unexpectedly, mice lacking both hepatic Bmal1 and Hif1a are hypoxemic and
exhibit increased mortality upon hypoxic exposure in a daytime-dependent manner. These mice display
mild liver dysfunction with pulmonary vasodilation likely due to extracellular signaling regulated kinase
(ERK) activation, endothelial nitric oxide synthase, and nitric oxide accumulation in lungs, suggestive of
hepatopulmonary syndrome. Our findings indicate that hepatic BMAL1 and HIF1a are key time-dependent
regulators of the hypoxic response and can provide molecular insights into the pathophysiology of hepa-
topulmonary syndrome.
INTRODUCTION

Circadian clocks regulate various aspects of physiology and

metabolism in mammals and enable them to adapt and syn-

chronize with daily rhythmic environmental changes.1–4 The

molecular clockwork relies on a transcription-translation feed-

back loop with the transcription factors CLOCK and BMAL1

(brain and muscle Arnt-like 1) as positive regulators and

PERIODs and CRYPTOCHROMESs as repressors, alongside

an auxiliary feedback loop, which consists of REV-ERBs

(NR1D1/2) and retinoic acid-related orphan receptors

(RORs).5–8 In recent years, growing evidence supports molec-

ular and functional interactions between the circadian clock

and oxygen signaling, in particular BMAL1 and HIF (hypoxia-

inducible factor), respectively.9–11 The clock regulates daily

oscillation in oxygen consumption and tissue oxygenation

predominantly through rest-activity and feeding-fasting cy-

cles.12 Concurrently, rhythmic oxygen levels serve as a time

signal and synchronize clocks in a HIF1a-dependent

manner.13 Moreover, the transcriptional response to hypoxia

and specifically the response of the molecular clock is tissue

specific and daytime dependent.14,15 Consequently, hypoxia,
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as in obstructive sleep apnea, elicits internal circadian

misalignment.14,16 At the molecular level, physical interaction

between circadian clock components and oxygen signaling

was first reported for BMAL1 and HIF1a.17,18 Recently, addi-

tional clock proteins were shown to bind HIFs17,19–21 and

were implicated in the response to hypoxia mostly in cultured

cells.13,22,23

Despite the growing evidence for interactions between the

circadian clock and oxygen signaling, several aspects remain

uncharted, in particular, the molecular and physiological impli-

cations in vivo.9,10 To address these questions, we utilized

liver-specific single and generated double knockout mice of

Bmal1 and Hif1a to examine their daytime-dependent

response to hypoxia. We found that in the liver, the transcrip-

tional response to hypoxia is largely dependent on Bmal1 or

Hif1a, through common and unique roles that are daytime

dependent. Furthermore, Bmal1 is necessary for the temporal

accumulation of HIF1a upon hypoxia. Unexpectedly, hepatic

Bmal1-Hif1a-deficient mice exhibit increased daytime-depen-

dent mortality upon hypoxia and show physiological and mo-

lecular manifestations that are suggestive of hepatopulmonary

syndrome (HPS).
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RESULTS

The hypoxic response of clock and canonical HIF1a
target genes is temporally regulated by BMAL1
and HIF1a
Wepreviously reported that in the liver, several clock and canon-

ical HIF1a target genes respond to hypoxia in a daytime-depen-

dent manner.14 Here, we examined whether the transcriptional

response of these genes to hypoxia in vivo is regulated in a tem-

poral manner by BMAL1, a key transcription factor within the

clockwork,24–27 or HIF1a, a principal regulator of the transcrip-

tional response to hypoxia.28 To this end, we employed liver-

specific knockout mouse models of Bmal1 (BLKO; AlbCre+

Bmal1fl/fl)29,30 and Hif1a (HLKO; AlbCre+ Hif1afl/fl),31,32 alongside

AlbCRE control mice. Mice were exposed to normoxia (21% ox-

ygen) or hypoxia (6% oxygen) for 4 h, either in the subjective light

(circadian time [CT] 4–8) or subjective dark phase (CT16–20)

(Figure 1A).

Analysis of clock and canonical HIF1a target genes expression

by qPCR (Figures 1B–1D and S1) in control mice showed, in line

with our previous report,14 that some genes respond to hypoxia

in a daytime-dependent manner. Per1 and Cry2 showed a com-

parable response to hypoxia both at CT4–8 and CT16–20

(Figures 1B and S1B). Interestingly, this response was Bmal1

and Hif1a dependent exclusively at CT16–20. Canonical HIF1a

target genes (Figures 1C and S1C), such as Egln3, Glut1, and

to a lesser extent, Pdk1, followed a similar trend as their

response to hypoxia was reduced in the absence of Bmal1 and

Hif1a only at CT16–20. Thus, it appears that Bmal1 and Hif1a

control the response of these genes to hypoxia in a daytime-

dependent manner. For clock genes that showed a daytime-

dependent response to hypoxia, such as Dbp and Chrono, we

found that both their basal expression and their response to hyp-

oxia were mostly reduced in the livers of BLKO mice (Figures 1B

and S1B). This is in line with the known role of BMAL1 in regu-

lating their expression levels.5,7 Last, the response of Clock

and Cry1 (Figure S1A and S1D) to hypoxia was independent of

both Bmal1 and Hif1a. As expected, the expression of Bmal1

and Hif1a was diminished in the respective liver-specific

knockout mice (Figures 1D and S1E).

Taken together, these results reveal an intricate time-depen-

dent role of Bmal1 and Hif1a in the transcriptional response to

hypoxia. HIF1a controls the hypoxic response of clock and ca-

nonical HIF1a target genes mostly in the subjective dark phase,

whereas BMAL1 is implicated both in basal expression and in

response to hypoxia.

BMAL1 and HIF1a temporally regulate the global
transcriptional response to hypoxia
In the liver, the overall transcriptional response to hypoxia is day-

time dependent.14 To dissect the general roles of BMAL1 and

HIF1a in the temporal regulation of the hypoxic response,

we performed genome-wide transcriptomic analysis (RNA

sequencing [RNA-seq]) of livers from AlbCRE control, BLKO,

and HLKO mice exposed to 4 h normoxia or hypoxia, either at

CT4–8 or CT16–20 (Figure 1A). Principal component analysis

(PCA) showed a clear segregation between the hypoxic and nor-

moxic conditions and, to a lesser extent, between the different

genotypes and time of day (Figure 2A). For subsequent analysis
of differentially regulated genes, we used the following criteria:

pair-wise analysiswith adjustedp<0.05and |log fold change| >1.

In normoxia, both BLKO and HLKO mice differed in their gene

expression relative to control mice. These differences were

more prevalent at CT4–8 compared with CT16–20 for both geno-

types (Figure S2A) and were, to some extent, related to lipid

metabolism (Figure S2B). Similar to control mice, hypoxia eli-

cited daytime-dependent changes in gene expression in BLKO

and HLKO mice (Figures S2C–S2E). BLKO mice exhibited an

overall reduced response to hypoxia, with a higher response at

CT16–20 compared with CT4–8 (Figures S2C and S2D). In

HLKO mice, an opposite trend was observed with a lower

response at CT16–20 compared with CT4–8 (Figures S2C and

S2E). These findings hinted toward time-dependent roles of

BMAL1 and HIF1a in the overall transcriptional response to

hypoxia.

To further examine the genotype and daytime dependency of

the transcriptional response to hypoxia, we clustered the hypox-

ic genes according to their expression profiles (Figure 2B). We

identified the following cohorts: (1) genes that respond to hypox-

ia in knockouts similar to control, (2) genes that respond to hyp-

oxia in control but lose their response in either BLKO or HLKO,

and (3) genes that gain response to hypoxia in either BLKO or

HLKO. Next, to dissect the dependency of the hypoxic response

on Bmal1 or Hif1a, we centered our analyses on genes that

respond to hypoxia in control mice, i.e., groups I and II, and

dissected the dependency of the hypoxic response on Bmal1

or Hif1a. Both at CT4–8 and CT16–20, the bulk share of the tran-

scriptional response to hypoxia was Bmal1 or Hif1a dependent

(i.e., 77%and 84%, respectively) (Figures 2C and 2D).Bmal1 ap-

pears to be at par with Hif1a in regulating the hypoxic response

(Bmal1 dependency, 72% and 62% in subjective light and dark

phases, respectively; Hif1a dependency, 52% and 71% in sub-

jective light and dark phases, respectively). About 50% of the

hypoxic genes in control mice lost their hypoxic response in

both BLKO or HLKOmice, irrespective of time, suggesting ama-

jor shared role of BMAL1 and HIF1a in the transcriptional

response to hypoxia (Figures 2C and 2D). The observed shared

role of BMAL1 andHIF1a raises the possibility that theymight act

together or function upstream of each other upon hypoxia.

Notably, at CT4–8, 25% of the hypoxic genes were exclusively

dependent on Bmal1 while only 5% were uniquely Hif1a depen-

dent (Figure 2C), although at CT16–20, an opposite trend was

detected with 22% of the hypoxic genes exclusively Hif1a

dependent, and only 13% uniquely Bmal1 dependent (Fig-

ure 2D). Hence, aside from their shared role in the transcriptional

response to hypoxia, BMAL1 and HIF1a also carry distinct roles

that are daytime dependent with dominance of BMAL1 and

HIF1a at CT4–8 and CT16–20, respectively. The time-dependent

roles of these two transcription factors were further detailed by a

small overlap of dependent genes between the two time points

(i.e., uniquely Bmal1, uniquely Hif1a, or both) (Figure S2F).

Enrichment analysis of transcripts that are commonly regu-

lated by BMAL1 and HIF1a unveiled some pathways related to

histone modifications and lipid metabolism (Figure 2E; Data

S2D; up- and downregulated pathways are listed in Data S2E).

Uniquely Hif1a-dependent transcripts were enriched for cyto-

kine-mediated signaling (Figure 2F; Data S2D; up- and downre-

gulated pathways are listed in Data S2E), whereas uniquely
Cell Metabolism 36, 2038–2053, September 3, 2024 2039
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A Figure 1. The hypoxic response of clock and

canonical HIF1a target genes is temporally

regulated by BMAL1 and HIF1a

(A) Schematic representation of the experimental

design.

(B–D) Control mice (AlbCRE), liver-specific Hif1a

knockout (HLKO), and liver-specific Bmal1 knockout

(BLKO) mice were exposed to 4 h of either normoxia

(21% oxygen) or hypoxia (6% oxygen) in the subjec-

tive light (CT4–8) or subjective dark (CT16–20) phase.

Animals were sacrificed, livers were harvested, and

RNA was prepared and analyzed by qPCR for tran-

script levels of (B) Clock genes, (C) HIF1a canonical

target genes, and (D) control genes.

Data are presented as themean ± SEM, normalized to

AlbCREnormoxiaconditionper timepergene;n=3per

condition per genotype. Two-wayANOVAwith �Sı́dák’s

multiple comparisons post hoc test; ****p < 0.0001,

***p<0.001, **p<0.01, *p<0.05.Graphical illustrations

were generated with BioRender.com.
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Figure 2. BMAL1 and HIF1a regulate the overall transcriptional response to hypoxia in a daytime-dependent manner

(A) PCAplot of the differentmouse genotypes (AlbCRE, HLKO, andBLKO) under normoxia (21%oxygen) or hypoxia (6%oxygen) at CT4–8 or CT16–20, n= 3mice

per genotype per condition.

(legend continued on next page)
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Bmal1-dependent genes showed circadian- and RNA polymer-

ase-related pathways (Figure 2G; Data S2D; up- and downregu-

lated pathways are listed in Data S2E).

Overall, our analyses indicate that BMAL1 and HIF1a play a

principal role in the global transcriptional response to hypoxia

whereby a major part of the response is shared by both

BMAL1 and HIF1a. A subset of genes is exclusively controlled

by either BMAL1 or HIF1a in a daytime-dependent manner.

The former plays a more prominent role in the subjective light

phase, whereas the latter is more dominant in the subjective

dark phase.

Accumulation of liver HIF1a upon hypoxia is time and
Bmal1 dependent
Both BMAL1 and HIF1a are members of the basic helix-loop-he-

lix (bHLH) and Per-Arnt-Sim (bHLH-PAS) domain-containing

transcription factors.9,11,17,33 BMAL1 and HIF1awere previously

reported to physically interact with each other,18,22 and recently,

BMAL1 was shown to support the accumulation of HIF1a upon

exposure of myotubes to hypoxia in cell culture.23 This, along

with our findings that the transcriptional response to hypoxia in

mouse liver is highly dependent on Bmal1 and Hif1a in a day-

time-dependent manner, prompted us to examine their protein

levels in vivo in response to hypoxia. We first examined the nu-

clear accumulation of BMAL1 and HIF1a in the liver of control

mice upon exposure to 4 h hypoxia either at CT4–8 or CT16–

20. HIF1a accumulation upon hypoxia was daytime dependent,

with higher accumulation at CT16–20 compared with CT4–8

(Figure 3A). As the transcript levels of Hif1a upon hypoxia only

slightly differed at CT16–20 compared with CT4–8 (Figure S1E),

it is likely that the effect is mediated post-transcriptionally. At

both time points, BMAL1 nuclear-protein levels were altered

upon hypoxia; in particular, the hyper-phosphorylated form ap-

peared to accumulate (Figure 3A).

To elucidate the potential inter-dependency between BMAL1

and HIF1a upon hypoxia, we took advantage of our genetic

mouse models and examined the dependency of HIF1a accu-

mulation on Bmal1 as well as BMAL1 hyper-phosphorylation

on Hif1a. To this end, we tested nuclear-protein extracts of con-

trol, HLKO, and BLKOmice, exposed to hypoxia either at CT4–8

or CT16–20. In the absence of Bmal1, HIF1a accumulation was

abolished regardless of the time (Figures 3B and 3C). As Hif1a

transcript levels were unaffected in BLKO mice compared with

control mice (Figure 1D), it is conceivable that BMAL1 supports

HIF1a stability. Notably, we cannot exclude the possibility that

there is still some residual accumulation of HIF1a in the absence

of Bmal1, which is not detected due to low antibody detection

capacity and would explain the transcriptional response to hyp-

oxia that is exclusively HIF1a dependent.

We next tested if Hif1a plays a role in BMAL1 phosphorylation

under hypoxia. Contrary to HIF1a, the pattern observed for

BMAL1 was similar in HLKOmice, and the hyperphosphorylated
(B) Heatmaps represent genes that significantly changed, clustered by their expr

upon hypoxia in either one of the genotypes (see the list of differentially regulate

(C and D) Pie chart representation of genes that responded to hypoxia in AlbCRE

Hif1a-, and Bmal1- and Hif1a-dependent genes, respectively, at (C) CT4–8 and

(E–G) Enrichment analysis of genes by EnrichR (see pathway list in Data S2D a

dependent, or (G) uniquely Bmal1 dependent irrespective of the daytime.
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form accumulated both in total and nuclear liver extracts upon

hypoxia irrespective of time (Figures 3B, 3C, and S3A). BMAL1

as expected was not detected in BLKO mice, and HIF1a was

not spotted in total liver extracts, likely due to its low abundance

(Figures 3B, 3C, and S3B).

We concluded that HIF1a accumulation upon hypoxia in

mouse liver is temporally regulated and Bmal1 dependent,

whereas BMAL1 phosphorylation under hypoxia is Hif1a inde-

pendent. As up to 50%of the transcriptional response to hypoxia

depends on both Bmal1 and Hif1a, it is likely that their functional

interaction stems from the dependency of HIF1a accumulation

upon hypoxia on Bmal1.

Mice deficient in hepatic Bmal1 and Hif1a show a
daytime-dependent mortality in response to hypoxia
Our findings thatBmal1 andHif1a control themajority of the tran-

scriptional response to hypoxia in the liver led us to examine their

mutual effect on the hypoxic response. To this end, we gener-

ated the liver-specific knockout mouse model for both Bmal1

and Hif1a (BHLKO; AlbCre+ Bmal1fl/fl Hif1afl/fl) (Figure S4A).

BHLKO and HLKO weighed more compared with age-matched

AlbCRE and BLKO mice (Figure S4B). Body composition anal-

ysis did not identify any significant changes in their relative fat

mass, lean mass, or free fluid (Figure S4B).

Animals were exposed to hypoxia, as described above (Fig-

ure 1A), either at CT4–8 or CT16–20. Unexpectedly, at CT16,

none of the BHLKO mice survived 4 h of hypoxia (Figure 4A).

Within the first 30 min of hypoxic exposure at CT16, BHLKO

mice exhibited 50% mortality, whereas no mortality was

observed at CT4 within this time window (Figure 4B). Somemor-

tality was also seen with HLKOmice but to a much lesser extent,

and no mortality with control or BLKO mice. We concluded that

the absence of hepatic Bmal1 and Hif1a reduces the ability of

mice to cope with hypoxic exposure in a daytime-dependent

manner.

To identify the potential cause for the increased mortality of

BHLKO mice in response to hypoxia, we centered our attention

first on the liver, where Bmal1 and Hif1a were knocked out (Fig-

ure S4A). As mortality was observed within the first 30 min of

hypoxic exposure at CT16, we postulated that these mice suffer

from a pathological predisposition that might be detected

already upon normoxia at CT16. We did not detect any overt his-

tological differences in livers of any of the knockout mice

compared with control mice (Figure S4C). Next, we performed

a series of tests to evaluate liver functions at both CT4 and

CT16 under normoxia (Figures 4C, 4D, S4D, and S4E).34 The

levels of liver enzymes SGOT, SGPT, alkaline phosphatase,

lactate dehydrogenase, and liver triglycerides were unaffected

in any of the knockouts (Figures S4D and S4E). We did identify

some significant changes in total bilirubin, total protein, albumin,

and globulin levels particularly in BHLKO mice; however, these

changes were within the normal physiological range, except for
ession pattern (pair-wise analysis, adjusted p < 0.05 and |log fold change| > 1),

d genes in Data S2A and cluster genes in Data S2B).

and lose their hypoxic response in HLKO, BLKO, or both, termed as Bmal1-,

(D) CT16–20 (see gene lists in Data S2C).

nd S2E), which are (E) both Bmal1 and Hif1a dependent, (F) uniquely Hif1a
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Figure 3. HIF1a accumulation upon hypoxia is time and Bmal1 dependent
(A) Immunoblot analyses of BMAL1 and HIF1a in liver nuclear extracts from control mice (AlbCRE) exposed to either normoxia (21% oxygen) or hypoxia (6%

oxygen) for 4 h at CT4–8 or CT16–20.

(B and C) Immunoblot analyses of BMAL1 and HIF1a in liver nuclear extracts from control mice (AlbCRE), liver-specific Hif1a knockout (HLKO), and liver-specific

Bmal1 knockout (BLKO) mice exposed to either normoxia (21%oxygen) or hypoxia (6% oxygen) for 4 h at (B) CT4–8 and (C) CT16–20. A pool of n = 3 animals was

used per condition per genotype. The AlbCRE samples in (B) and (C) are the same from (A).
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albumin in BHLKO mice at CT1635,36 (Figures 4C and 4D).

BHLKO mice also showed some mild differences, yet within

the physiological range, in key blood electrolytes, such as potas-

sium, chlorine, and phosphorous relative to control mice, mostly

at CT16 (Figures 4E and 4F). These changes were unlikely due to

kidney malfunction, as urea and creatinine levels were normal

(Figures S4F andS4G).37 No significant changes in blood choles-

terol and triglyceride levels were detected (Figures S4H and S4I),

and blood glucose levels were elevated in BHLKO exclusively at

CT16 (Figures S4J and S4K).

Altogether, we found that mice lacking both hepatic Bmal1

and Hif1a exhibit increased mortality upon exposure to hypoxia

at CT16 compared with CT4. However, they show only a very

mild liver dysfunction with hypoalbuminemia and some minor

electrolyte misbalances mostly at CT16.

Mice deficient in hepatic Bmal1 and Hif1a exhibit
characteristics of HPS
The increased mortality upon hypoxic exposure in liver-deficient

Bmal1 and Hif1a mice hinted at impaired oxygen metabolism.

The vital role of the lungs in oxygen uptake through respiration

raised the possibility that BHLKO mice have HPS. HPS is char-

acterized by a triad of liver dysfunction, arterial hypoxemia,

and intrapulmonary vasodilation.38,39 The syndrome is prevalent

among humans with different degrees of liver disease. We first

histologically characterized the lungs and did not reveal any

overt differences in BHLKO or single liver-knockout models (Fig-

ure S5A). Mixed blood gas analysis revealed that blood oxygen

saturation levels are severely dampened (Figure 5A). Partial

CO2 pressure was elevated in BHLKOmice compared with con-

trol and single knockout mice; however, it remained within the

normal physiological range (Figure 5A).40 Bicarbonate levels

were slightly elevated likely as a compensatory mechanism to

maintain normal pH (Figure 5A). No significant differences in

blood hemoglobin concentration or hematocrit were observed

(Figure S5B). We concluded that mice lacking both hepatic

Bmal1 and Hif1a are severely hypoxemic and already in

normoxia.
Next, we examined whether thesemice exhibit intrapulmonary

vasodilation. The gold standardmethodology for the detection of

pulmonary vasodilation in humans is echocardiography along-

side peripheral vein microbubbles injection.41–43 Usually, micro-

bubbles are trapped in the pulmonary circulation and absorbed

by the alveoli. However, in the presence of pulmonary vasodila-

tion, microbubbles evade pulmonary capture and reach the

heart faster as can be detected by echocardiography (Figure 5B).

We set out to establish a similar assay in mice andmonitored the

appearance of injected microbubbles in the left ventricle by

echocardiography. We found that microbubbles reach the heart

faster in BHLKO compared with control mice (Figure 5C; Video

S1), supporting the presence of pulmonary vasodilation in these

mice. Although our echocardiography identified an increase in

left ventricle volume in BHLKO mice, we did not detect overt

functional consequences as both systolic and diastolic functions

remained similar (Figure S5C; Table S1). Notably, the ratio be-

tween the pulmonary (Qp) and the systemic (Qs) blood flow did

not significantly differ between AlbCRE control and BHLKO

mice, excluding an intracardiac shunt and favoring intrapulmo-

nary vasodilatation.44,45

We concluded that mice lacking both hepaticBmal1 andHif1a

exhibit characteristics consistent with HPS as they show some

mild liver dysfunction, are hypoxemic, and exhibit intrapulmo-

nary vasodilation.

ERK activation, eNOS, and NO accumulation in the lungs
of mice deficient in hepatic Bmal1 and Hif1a
Our findings that mice lacking both hepatic Bmal1 and Hif1a

exhibit hallmarks of HPS prompted us to further characterize

the molecular changes in the lungs of these mice. We first tested

the expression of Bmal1 and Hif1a in the BHLKO lungs and did

not see any significant differences (Figure S6A).

HPS has been associated with accumulation of endothelial ni-

tric oxide synthase (eNOS), a key enzyme in production of nitric

oxide (NO),46 which elicits intrapulmonary vasodilation.47,48 We

examined the lung protein levels of eNOS in normoxia and found

that they are elevated in BHLKOmice at CT16 (Figure 6A) and, to
Cell Metabolism 36, 2038–2053, September 3, 2024 2043
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BA Figure 4. Liver-specific Bmal1 and Hif1a kno-

ckout mice exhibit daytime-dependent mortality

in response to hypoxia

(A and B) Bar plots representing the survival rates of

control mice (AlbCRE), liver-specific Hif1a knockout

(HLKO), liver-specific Bmal1 knockout (BLKO), or liver-

specific Bmal1 and Hif1a knockout (BHLKO) mice in

response to (A) 4 h (p < 0.001) and (B) 30 min (p < 0.001)

hypoxia (6% oxygen) at CT4 or CT16 (n = 10–15 mice

per genotype per CT); chi-squared test.

(C and D) Blood serum liver-function tests of AlbCRE,

HLKO, BLKO, and BHLKO mice under normoxia at (C)

CT4 and (D) CT16.

(E and F) Blood serum electrolyte measurements of

AlbCRE, HLKO, BLKO, and BHLKO mice under nor-

moxia at (E) CT4 and (F) CT16.

In (C)–(F), data are presented as the mean ± SEM,

n = 5–6 mice per genotype; one-way ANOVA with

Tukey’s post hoc test, ****p < 0.0001, ***p < 0.001,

**p < 0.01, *p < 0.05.
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Figure 5. Liver-specific Bmal1 and Hif1a kno-

ckout mice exhibit characteristics of hepatopul-

monary syndrome

(A) Mixed blood oxygen saturation, carbon dioxide partial

pressure, pH, and bicarbonate (HCO3) levels measured in

control mice (AlbCRE), liver-specific Hif1a knockout

(HLKO), liver-specific Bmal1 knockout (BLKO), or liver-

specific Bmal1 and Hif1a knockout (BHLKO) mice. Blood

measurements were performed under normoxia at CT16

(mean ± SEM, n = 5–7 mice per genotype); one-way

ANOVA with Tukey’s post hoc test, ***p < 0.001,

**p < 0.01, *p < 0.05.

(B) Graphical representation of a contrast-enhanced

agent flow in normal vs. vasodilated pulmonary vascu-

lature alongside a representation the time taken for the

contrast agent (microbubbles) to reach the heart’s left

ventricle.

(C) Echocardiography measurements of the time taken

for the microbubbles to reach the heart’s left ventricle

after injection, normalized by heart rate in AlbCRE vs.

BHLKO mice around CT16 (mean ± SEM, n = 6–8 mice

per genotype); Student’s t test, ****p < 0.0001. Graphical

illustration was generated with BioRender.com.
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a lesser extent, at CT4 compared with other mouse strains (Fig-

ure S6B). Importantly, NO levels corresponded to eNOS levels

and were specifically elevated in BHLKO mice at CT16 and not

at CT4 (Figures 6B and S6C). Notably, inducible NOS (iNOS)

was not affected in any of our mouse strains (Figure 6C). In

rats with common bile duct ligation (CBDL)-induced HPS,

elevated serum endothelin-1 (ET1) levels were suggested to

stimulate eNOS.49 Consistently, analysis of ET1 serum levels in

the different mouse models, at CT16 under normoxia, identified

elevated levels of ET1 in HLKO and BHLKO mice (Figure 6D).

Extracellular signaling regulated kinase (ERK) and protein ki-

nase B (AKT) pathways have been proposed to play a role in pul-

monary vasodilation in rats with CBDL-induced HPS.38,50–52 We

found that ERK phosphorylation at amino acid Thr202/Tyr204 is

elevated in the lungs of our liver knockout mouse models, espe-

cially in BHLKO mice (Figure 6A). Basal AKT phosphorylation at

amino acid Ser473 was slightly elevated both in HLKO and

BHLKO mice and not in BLKO mice (Figure 6A). It is noteworthy

that no effects on ERK and AKT basal phosphorylation levels

were detected in liver or kidney samples of the different liver

knockout mouse models from the same animals (Figures 6E

and 6F), suggesting that these effects are lung specific and are

not due to broad systemic effects. Similar to CBDL-induced

HPS,53 we observed a slight increase in the levels of proliferating

cell nuclear antigen (PCNA) in the lungs of BHLKO mice (Fig-

ure S6D). Furthermore, analysis of serum circulating cytokine/

chemokine revealed several changes, in particular elevated

levels of several chemokines in BHLKO mice (e.g., CCL2,

CCL5, andCXCL1) (Figure S6E), supportingmodulation of the in-

flammatory response, in line with previous reports on HPS.39

To gain further insight into the molecular changes that occur in

the lungs of the BHLKO mice, we performed genome-wide tran-

scriptomic analysis. Gene expression analysis of AlbCRE and

BHLKO lungs under normoxia at CT16 (Figure 6G) showed 204
genes differentially expressed in BHLKO mice, with 72 and 132

up- and downregulated, respectively (Figure 6H; Data S4A).

Enrichment analysis of the differentially regulated genes in the

lungs of BHLKOmice identified many immune-related pathways

(Figure 6I; Data S4B).

BHLKO mice are hypoxemic under normoxia (Figure 5A).

Comparison of differentially expressed genes (DEGs) in the

BHLKO lungs with genes altered by 4 h hypoxic exposure in

the lungs of wild-type mice14 showed a small overlap between

the two datasets (31 genes of 204 genes) (Figure S6F; Data

S5). This hinted that the observed changes in the lungs are not

a mere consequence of the hypoxemia in these mice. Likewise,

exposure of AlbCRE control mice to hypoxia at CT16 induced a

slight elevation in pulmonary eNOS and pERK levels; however,

these effects weremuchmilder comparedwith the one observed

in BHLKO mice under normoxia (Figure S6G).

Taken together, our findings suggest that mice lacking hepatic

Bmal1 and Hif1a exhibit significant molecular changes in their

lungs. These include ERK activation, eNOS, and NO accumula-

tion as well as modulation of various immune-related pathways

that are likely to play a role in the pathophysiology of HPS.

Lung single-cell RNA analysis of hepatic Bmal1- and
Hif1a-deficient mice reveals changes in lung cell
composition and gene expression
As detailed above, our whole-lung analysis in mice lacking both

hepatic Bmal1 and Hif1a revealed changes in various signaling

pathways as well as immune-related gene expression. The het-

erogeneous nature of the lung consisting of various cell

types, such as epithelial, mesenchymal, and awide variety of im-

mune cell types,54,55 prompted us to perform single-cell RNA

sequence analysis of the lungs of BHLKOmice and AlbCRE con-

trol mice. Three biological replicates were used per genotype (to-

tal of 6 lungs); after filtering, 22,741 cells were integrated and
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Figure 6. Molecular characterization of lungs of liver-specific Bmal1 and Hif1a knockout mice

(A) Immunoblot analyses of total lung protein extracts from control mice (AlbCRE), liver-specific Hif1a knockout (HLKO), liver-specific Bmal1 knockout (BLKO), or

liver-specific Bmal1 and Hif1a knockout (BHLKO) mice under normoxia at CT16 (pool of n = 5 mice per genotype).

(B) Nitric oxide (NO) measurements in lung tissues of AlbCRE, HLKO, BLKO, and BHLKO mice under normoxia at CT16 (mean ± SEM, n = 5 mice per genotype);

one-way ANOVA with Tukey’s post hoc test, ****p < 0.0001.

(C) Immunoblot analyses of iNOS in lung tissues of AlbCRE, HLKO, BLKO, and BHLKO mice under normoxia at CT16 (pool of n = 5 mice per genotype).

(D–F) (D) Immunoblot analysis of endothelin-1 (ET-1) in the serums of AlbCRE, HLKO, BLKO, and BHLKO mice under normoxia at CT16 (pool of n = 5 mice per

genotype). Immunoblots of total (E) liver and (F) kidney protein extracts from AlbCRE, HLKO, BLKO, and BHLKO under normoxia at CT16 (pool of n = 5 mice per

genotype).

(legend continued on next page)
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analyzed (quality control steps are detailed in STAR Methods

and depicted in Figures S7A–S7C; Data S6).

We identified 30 distinct clusters in both AlbCRE and

BHLKO lungs, which were grouped into 12 distinct major cell

types based on representative marker genes (Figures 7A and

S7D; Table S2; Data S6). Cluster identities were largely

consistent with previously reported single-cell lung data-

sets,54,55 and cellular heterogeneity was preserved across ge-

notypes and biological replicates (Figures S7B and S7C). The

three largest cell populations, namely, endothelial, stromal,

and epithelial cells, did not show apparent difference in their

relative abundance between BHLKO and AlbCRE control

lungs (Figure S7C). However, monocytes and erythroid precur-

sor cells were less abundant in BHLKO lungs relative to

AlbCRE control mice (Figure 7B). Moreover, we noted a trend

wherein the relative abundance of the T cell population was

higher in the BHLKO lungs compared with the AlbCRE lungs,

whereas the B cell population showed an opposite trajectory

(Figure 7B). Consequently, in the BHLKO lungs, the ratio of

T to B cells nearly doubled that observed in the AlbCRE lungs.

Thus, our finding that the abundance of the more pervasive

endothelial and stromal cells in the lung is relatively similar be-

tween the two genotypes, excludes major structural changes.

The changes in the abundance of some specific immune cell

type populations alongside the observed changes in serum

circulating cytokine/chemokine (Figure S6E) support the po-

tential involvement of the immune system in the observed

phenotype.

The lung single-cell RNA sequence analysis enabled us to

dissect changes not only in cell abundance but also in their

related gene expression. To this end, DESeq was carried out

on the pseudobulked major cell clusters. Remarkably, although

the abundance of endothelial cells, stromal cells, and alveolar

macrophage did not vary between BHLKO and AlbCRE control

lungs, these cell types exhibited the highest numbers of DEGs

(Figure 7C). This suggests that the absence of Bmal1 and

Hif1a in liver elicits changes in gene expression within certain

lung cell populations (Data S7 and S8). Although the numbers

of upregulated and downregulated DEGs were nearly equal

within endothelial cells and alveolar macrophages, stromal cells

had close to twice asmany downregulated DEGs compared with

their upregulated DEGs (Figures 7D–7F). Functional enrichment

analysis of the endothelial DEGs identified Gene Ontology (GO)

pathways such as platelet activation, which are known to modu-

late the immune response56,57 (Figure 7G). Another identified

pathway is the regulation of viral entry that is comprised mostly

of Trim genes, which are implicated in innate immunity58

(Figures 7D and 7G). Both pathways are mainly characterized

by downregulated DEGs in the BHLKO lungs (Figure S7F), sup-

porting the suppression of immune-related pathways within

these cells. In stromal cells, gene expression changes were

related to leukocyte migration (Figures 7H and S7G). We also
(G) Schematic depiction of experimental design, mice were sacrificed under

sequenced.

(H) Heatmap representation of differentially expressed genes in BHLKO compared

gene lists in Data S4A).

(I) Enrichment analysis of differentially expressed genes in BHLKO by EnrichR

BioRender.com.
identified changes in mitogen-activated protein kinase (MAPK)

cascade-related genes that may relate to the observed changes

in ERK activation in the lungs of BHLKOmice (Figure 6A). In both

stromal cells and alveolar macrophages, chemokines such as

Cxcl10, Cxcl14, and Cxcl1 were among the DEGs further sup-

porting immune-related changes (Figures 7E, 7F, and S7G;

Data S8). Interestingly, alveolar macrophages showed upregula-

tion of DEGs such as Gucy1a2, Gucy1b1, and Gucy1a1, which

are associated with cGMP and NO signaling pathways

(Figures 7I and S7H), coinciding with our finding that lung

eNOS and NO levels are elevated in BHLKO mice.

Taken together, these findings show that loss of Bmal1 and

Hif1a elicits changes in the lung cell population and cell-type-

specific gene expression. These changes might play a role in

the pathophysiology of HPS.

Expression of Serpina genes is altered in the livers of
mice deficient in hepatic Bmal1 and Hif1a
It has been previously proposed that altered liver-lung communi-

cation is implicated in the pathophysiology of HPS likely through

changes in secreted factors such as ET1 (Figure 6D).38,39 As

BHLKOmice exhibit characteristics of HPS and lack two key he-

patic transcription factors, namely HIF1a and BMAL1, we hy-

pothesized that analyzing changes in their hepatic gene expres-

sion, with special emphasis on secreted factors, might provide

insight regarding potential mechanisms through which the liver

communicates and modulates the function of the lungs. To this

end, we performed genome-wide transcriptomic analysis

(RNA-seq) of livers from BHLKO mice, normoxia at CT20, and

compared them with AlbCRE, BLKO, and HLKO liver transcrip-

tome (presented in Figures 2 and S2).

PCA showed a clear segregation between the genotypes (Fig-

ure S8A). BHLKO mice exhibited the highest number of DEGs,

followed by BLKO and then HLKO mice (Figure S8B) with

some overlap between the different genotypes (Figure S8C).

It is plausible that the liver communicates with the lung through

a secreted protein; therefore, we narrowed our analysis to

changes in the expression of genes that encode secretory pro-

teins based on the GO database. BHLKOmice showed the high-

est number of DEGs within this category followed by BLKO and

then HLKO mice (Figure S8D). We further focused on these

genes that were common between HLKO and BHLKO mice as

we observed hypoxia-induced mortality only in these two geno-

types (Figures 5A and 5B). This resulted in eight genes (Fig-

ure S8E), out of which five belong to the SERPIN (serine protease

inhibitors) family (Serpina3c, Serpina3m, Serpina11, Serpina1d,

and Serpina1e) (Figure S8F). It is noteworthy that the human

SERPINA1 gene encodes for a1-antitrypin, which is mainly pro-

duced in the liver, and its deficiency in a human genetic disorder

results in pulmonary disease.59,60

Expression analysis of these five Serpins by quantitative PCR

confirmed that Serpina3c and Serpina11 are upregulated,
normoxia at CT16, the lungs were harvested, and RNA was prepared and

with AlbCREmice; threshold of adjusted p < 0.05 and |log2foldchange| > 1 (see

(see pathway list in Data S4B). Graphical illustration was generated with
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Figure 7. Lungs of liver-specific Bmal1 and Hif1a knockout mice exhibit cell-specific changes in abundance and pathway enrichment

(A) UMAP of 22,741 cells from AlbCRE and BHLKO lungs harvested at CT16. Clusters are color labeled by cell type and number. Endothelial cells, ECs; stromal

cells, SCs; epithelial cells, ETs.

(legend continued on next page)
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whereas Serpina3m and Serpina1e are downregulated in HLKO

and BHLKO mice (Figure S8G).

Thus, these results raise the possibility that the Serpina family

genes could potentially be involved in the liver-lung communica-

tion and that alterations in their liver expression might affect the

lungs and play a role in the pathophysiology of HPS.

DISCUSSION

Oxygen biology and circadian rhythms, with HIF1a and BMAL1,

respectively, have been increasingly linked in recent years.9,11

However, the molecular and physiological relevance of their

interaction in vivo is largely unknown. In this study, we show

that BMAL1 and HIF1a play a major role in the hypoxic response

in mice as the lion’s share of transcriptional response to hypoxia

(i.e., up to 84%) in the liver is dependent on BMAL1 or HIF1a. The

shared role of HIF1a and BMAL1 (�50%) in the transcriptional

responses to hypoxia is consistent with the finding that these

bHLH-PAS domain-containing protein were reported to physi-

cally interact in vitro.17,18,22 We also found independent roles

for both these transcription factors in regulating the hypoxic

response in a daytime-dependent manner, raising the possibility

that HIF1a and BMAL1 could be part of different transcription

factor complexes depending on the time of day. In this

regard, HIF1a was shown to interact with several other clock

proteins in cultured cells, such as PER1, PER2, CRY1, and

CRY2.19–21,61 Hence, it is feasible that depending on the time

of day, the interacting partners of BMAL1 or HIF1a might differ

and consequently activate different transcriptional programs in

response to hypoxia. It would be, therefore, interesting to char-

acterize these different complexes in vivo throughout the day.

We further found that in the liver, HIF1a accumulation upon

hypoxia is temporally regulated and Bmal1 dependent and that

BMAL1 responds to hypoxia, in Hif1a-independent manner,

likely through changes in its phosphorylation. It is still unclear

whether the observed temporal changes in HIF1a accumulation

as well as the effects on BMAL1 phosphorylation upon exposure

of animals to hypoxia stem from a cell-autonomous response to

low oxygen levels or are due to systemic effects. Cell culture as-

says are expected to shed light on these open questions.

Our experiments with BLKOmice clearly show that accumula-

tion of HIF1a in the liver in response to hypoxia is Bmal1 depen-

dent. This is in line with a previous report that showed in cultured

myotubes that the absence of Bmal1 blunts HIF1a accumulation

in response to hypoxia.23 The molecular mechanisms that regu-

late HIF1a accumulation by Bmal1 can occur at multiple levels

and remain open for investigation. As we did not observe any

major effect of Bmal1 on Hif1a transcript levels upon hypoxia,

it is conceivable that the effect of Bmal1 on HIF1a accumulation

is post-transcriptionally regulated. Along this line, HIF1a accu-

mulation upon hypoxia is largely controlled post-transcriptionally

through attenuation of its proteasomal degradation62,63 raising
(B) Proportion of a cell population relative to the total cells in the sample average

cells comprising the AlbCRE (gray) vs. the BHLKO (orange) lungs. The line in eac

(C–I) (C) The number of differentially expressed genes (DEGs) for each of the 12ma

(blue) DEGs for pseudobulked (D) endothelial cells, (E) stromal cells, and (F) alveol

respectively. Functional enrichment analysis reveals the top 10 Gene Ontology

(G) endothelial cells, (H) stromal cells, and (I) alveolar macrophages.
the possibility that the BMAL1-HIF1a interaction might stabilize

HIF1a, as was previously reported for HIF1b, which is vital for

stabilization of HIF1a.19,64

Unexpectedly, we found that BHLKO mice exhibit reduced

survival upon hypoxic exposure in a daytime-dependent

manner. These mice rapidly die upon exposure to hypoxia in

the subjective dark phase, whereas in the subjective light phase,

they show high survival rates. One possible explanation is that

these mice fail to compensate for the lack of oxygen when oxy-

gen consumption is relatively high, as in the subjective dark

phase when animals are active and consume food.12

The BHLKOmice exhibit characteristics of HPS; these include

mild liver disease alongside hypoxemia and pulmonary vasodila-

tion. The presence of this triad in BHLKO suggests that BMAL1

and HIF1a protect from HPS; however, the molecular mecha-

nisms remain unknown. It should be pointed out that unlike

CBD-induced HPS and often in HPS in humans, the alteration

in liver functions is very mild in BHLKOmice. Nonetheless, these

mice suffer from hypoxemia and pulmonary vasodilation. This

raises the possibility that our genetic manipulation in the liver,

namely hepatic knockout of Bmal1 and Hif1a, is sufficient to

affect lung function without inducing overt liver disease. The liver

disease has been shown to exacerbate lung pathologies in HPS,

which are ameliorated in humans upon liver transplantation.65–68

This suggests that the liver-lung communication is critical for the

disease progression and severity of HPS. Our BHLKOmice open

exciting new avenues for the discovery of molecules that are

implicated in liver-lung communication in general and specif-

ically in the context of HPS.

In line with a previous report using CBDL-induced HPS,49 we

detected elevated levels of ET1 in the serum of BHLKO mice.

Furthermore, our BHLKO liver transcriptome analyses pointed

out major changes in Serpina, secreted serine protease inhibi-

tors, which have been previously implicated in modulation of

lung function.59,60 Hence, it is tempting to speculate that these

proteins might play a role in liver-lung communication in

HIF1a- and BMAL1-dependent manner to modulate lung func-

tion. Having said that, inter-organ communication between the

liver and the lung could be carried through a number of signaling

molecules, which include as well small molecules such as me-

tabolites or long non-coding RNAs,69 and can be mediated

through a third party, e.g., liver-gut-lung axis,70–72 adding addi-

tional layers of complexity.

Hitherto, no genetic model in rodents is available for HPS, and

future studies using BHLKO mice to investigate the pathophysi-

ology of HPS are expected to provide new valuable information.

As aforementioned, the currently available rodent model for

studying HPS is through surgical intervention, namely CBDL.73

Although this model has been informative,38,39,73 it is often asso-

ciated with high mortality rates, making it difficult to work with

these diseased rodents.74 Another major drawback of the

CBDL model system is that bile duct ligation leads to the onset
d across the three samples per genotype. Boxes reveal the average fraction of

h box is at the mean. Multiple unpaired t tests (*p < 0.05).

jor cell types (FDR< 0.05). Volcano plots reveal the up- (red) and downregulated

ar macrophages with number of down- and upregulated genes in blue and red,

(GO) pathways (2–1,000 genes) (p < 0.05), which correspond to the DEGs of
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of a severe liver disease that eventually causes the pulmonary

vasodilation. However, in human studies, it has been established

that HPS clearly occurs both in well-compensated and decom-

pensated liver disease and also in situations where portal hyper-

tension is present in the absence of cirrhosis.38,39 Hence, our

BHLKO mice are expected to serve as an attractive model for

studying HPS, as these mice show characteristics of the syn-

drome in the presence of a very mild liver dysfunction.

In summary, our findings suggest that hepatic BMAL1 and

HIF1a play a principal role in the transcriptional response to hyp-

oxia and that their absence culminates in the development of

HPS, potentially through the activation of eNOS, the accumula-

tion of NO that induces pulmonary vasodilation and via modula-

tion of the immune response. We propose that mice lacking

Bmal1 and Hif1a in the liver are an attractive genetic mouse

model for studyingHPS and offer a great opportunity to delineate

HPS and related uncharted facets of liver-lung communication.
Limitations of the study
In this work, we show that a major part of the transcriptional

response to hypoxia is mediated through BMAL1 and HIF1a in

a time-dependent manner. We further show that BMAL1 is

required for HIF1a accumulation upon hypoxia. However, at

the molecular level, it remains unclear how BMAL1 supports

HIF1a accumulation, and whether the observed changes in

BMAL1 phosphorylation upon hypoxic exposure in mice are

cell autonomous and a direct effect of hypoxia. Furthermore,

we provide evidence that the absence of hepatic Bmal1 and

Hif1a results in the onset of hepatopulmonary-like syndrome in

mice; however, the underlying molecular mechanism through

which the liver communicates with the lung, in a Bmal1- and

Hif1a-dependent manner, to modulate lung functions is lacking.

We do show that the expression levels of several Serpins are

altered in these liver-specific knockout mice, raising the possibil-

ity that they might be implicated in the process; however, their

functional relevance needs to be tested.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-HIF1A Cell Signaling Technology D1S7W; RRID: AB_2799095

Rabbit anti-BMAL1 Asher et al.75 N/A

Mouse anti-eNOS Santa Cruz Biotechnology 376751; RRID: AB_2832203

Rabbit anti-ERK Sigma Aldrich M5670; RRID: AB_477216

Rabbit anti-pERK Cell Signaling Technology 9101; RRID: AB_331646

Rabbit anti-pAKT (Ser473) Cell Signaling Technology 4060; RRID: AB_329825

Rabbit anti-AKT (PAN) Cell Signaling Technology 2920; RRID: AB_1147620

Rabbit anti-iNOS Thermo Fisher Scientific PA3-030A; RRID: AB_2152737

Mouse anti-Endothelin 1 Abcam ab2786; RRID: AB_303299

PCNA (PC10) Mouse Cell Signaling Technology 2586; RRID: AB_2160343

Mouse anti-TUBULIN Sigma Aldrich T9026; RRID: AB_477593

Mouse anti-ACTIN Sigma Aldrich A3853; RRID: AB_262137

Mouse anti-U2AF Sigma Aldrich U4758; RRID: AB_262122

Anti-mouse secondary antibody Jackson ImmunoResearch 115-035-146

Anti-rabbit secondary antibody Jackson ImmunoResearch 111-035-144

Chemicals, peptides, and recombinant proteins

TRI reagent Sigma Aldrich T9424

LightCycler 480 Syber Green I Master Roche Applied Science 04887352001

Protease Inhibitors Cocktail Set III EMD - MERCK MILLIPORE 539134

Paraformaldehyde Santa Cruz Biotechnology sc-281692

Vevo MicroMarker Non-Targeted

Contrast Agent Kit

ELSMED #1193

Haematoxylin Gill II Eosin

Y (alcoholic solution)

Leica 380152E

Critical commercial assays

qScript cDNA synthesis kit Quanta Biosciences 95047-100

Bradford assay Bio-Rad Laboratories 500-0006

Nitric Oxide Assay Kit Abcam ab272517

Miltenyi Biotec lung dissociation kit Miltenyi Biotec 130-095-927

Chromium Single Cell 3ʹ Reagent
Kits v3.1 protocol

10x Chromium CG000204

Chromium Next GEM Chip G 10x Chromium PN-1000120

Chromium Single Cell 3ʹ GEM,

Library & Gel Bead Kit v3

10x Chromium PN-1000121

Agilent High Sensitive DNA Kit Agilent Technologies 5067—4626

Illumina Novaseq System Illumina NovaSeq 6000

Proteome Profiler Mouse Cytokine Array Kit R and D Systems - Bio-Techne Corp 486 ARY006

Triglyceride Colorimetric Assay Kit Cayman Chemical 10010303

Deposited data

RNA-Seq (livers) Gene Expression omnibus database (GEO) GEO: GSE254438

RNA-Seq (lungs) Gene Expression omnibus database (GEO) GEO: GSE254219

Single-cell RNA-Seq Gene Expression omnibus database (GEO) GEO: GSE266410

Data S1 Raw data files Data S1

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

AlbCre+ mice Jackson Laboratories 003574

Bmal1fl/fl mice Jackson Laboratories 007668

Hif1afl/fl mice Jackson Laboratories 007561

Oligonucleotides

Primers for real-time PCR are

listed in Table S3

Supplemental information in the current paper N/A

Software and algorithms

R (version 4.2.1) CRAN N/A

ggplot2 CRAN N/A

ImageJ Open source https://imagej.net/software/fiji/

Trainable Weka Segmentation Arganda-Carreras et al.76 https://imagej.net/plugins/tws/

GraphPad Prism (version 10.2.2) Dotmatics https://www.graphpad.com/how-to-buy/

DESeq2 (version 1.24.0) Bioconductor https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

UTAP Kohen et al.77 N/A

EnrichR Chen et al.78 N/A

Vevo Lab software (version 5.8.1) FUJIFILM VisualSonics N/A

Biorender BioRender.com N/A

Cell Ranger 10X Genomics N/A

Seurat_4.1.0 Butler et al.79 N/A

Uniform Manifold Approximation

and Projection (UMAP)

Becht et al.80 N/A

SingleR Aran et al.81 N/A

Others

CG4+ cartridges Abbott ABT-03P85-25

Regular chow- Teklad Global

18% Protein Rodent Diet

Teklad Diets 2018

VELO2x Baker Co N/A

VetScan i-STAT 1 analyser Abaxix N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Gad

Asher (gad.asher@weizmann.ac.il)

Materials availability
This study did not generate new unique reagents.

Data and code availability
d RNA-seq data, including fastq files and raw counts have been deposited at GEO and are publicly available as of the date of

publication. Accession numbers are listed in the key resources table. Data S1 contains unprocessed source data underlying

all blots and graphs

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
All animal experiments and procedures were conducted in conformity and approval of the Weizmann Institute Animal Care and Use

Committee (IACUC). Three to four months-old male mice were used. AlbCre+ Bmal1fl/fl (BLKO), AlbCre+ Hif1afl/fl (HLKO) and AlbCre+
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Bmal1fl/fl Hif1afl/f (BHLKO) were generated by crossing AlbCre+ mice with Bmal1fl/fl mice, Hif1afl/fl and Bmal1fl/fl, Hif1afl/fl (Jackson

Laboratories). Animals were housed in an SPF animal facility, at room temperature of z 22�C, under a 12 h light-dark regimen

(LD) and fed ad libitum. Experiments were performed in constant dark (DD). Lights were turned off at the transition of dark to light

regimen on the day of the experiment, following regular LD regimen. Mice were euthanized by cervical dislocation.

METHOD DETAILS

Hypoxia in vivo

The hypoxic exposure was conducted using the VelO2x in vivo hypoxia system (Baker Co.). Oxygen levels were gradually decreased

from 21% oxygen to 6% oxygen within 5’ in exchange of nitrogen and sustained at 6% oxygen for the indicted time. Mortality in

response to hypoxia was assessed upon 30min or 4h hypoxic exposure in separate experiments as we had to open the VelO2x cham-

ber to determine mortality.

RNA extraction and Quantitative PCR
Tissues were snap-frozen in liquid nitrogen immediately after dissection and stored at�80�C for further use. For RNA extraction, the

samples were soaked in TRI-reagent (Sigma) and were homogenized by Bead mill homogenizer (OMNI International), and then pro-

ceeded by a standard TRI-reagent based RNA extraction protocol. RNA concentration was determined using a NanoDrop 2000

Spectrophotometer (Thermo Fisher Scientific). RNA quality was validated using 2200 TapeStation (Agilent). Synthesis of cDNA

was performed using qScript cDNA SuperMix (Quanta Biosciences). Real-time quantitative PCRmeasurements were performed us-

ing SYBR Green with a LightCycler II machine (Roche) and normalized to the geometric mean of three housekeeping genes: we used

Tbp, Gapdh, and Actin for the liver and Hprt, Rplp0 and Gapdh for the lung. Primers are listed in Table S3.

Protein extraction and Immunoblot analysis
Samples were snap-frozen in liquid nitrogen immediately after dissection and stored at �80�C until use. For total protein extraction,

tissues were homogenized by Bead mill homogenizer (OMNI International) in ice-cold RIPA buffer (150 mM NaCl, 1% NP-40, 0.5%

Na-deoxycholate, 0.1% SDS, 50 mM Tris-Hcl pH 8, and 1 mM dithiothreitol). The extracts were centrifuged at 21,000 g for 30 min

at 4�C.
Nuclei from tissueswere isolated by density sucrose gradient as previously described.82 The entire liver was homogenized using an

IKA douncer, in 4 ml 0.3 M sucrose homogenization buffer (10 mM Hepes pH 7.6, 15 mM KCl, 2 mM EDTA, 0.15 mM spermine,

0.5 mM spermidine, 10% glycerol), and 7 ml of 2.2 M sucrose homogenization buffer (10 mM Hepes pH 7.6, 15 mM KCl, 2 mM

EDTA 0.2M, 0.15mMspermine, 0.5mMspermidine, 10%glycerol). Following homogenization, 18ml of 2.2M homogenization buffer

were added, and samples were transferred to a 10ml Cushion sucrose buffer 2.05M (10mMHepes pH 7.6, 15mMKCl, 2 mMEDTA,

0.15 mM spermine, 0.5 mM spermidine, 10% glycerol) and centrifuged for 1 h, 24,000 rpm, 4�C. Pellet was suspended in isotonic

buffer (10mMHepes pH 7.6, 100mMKCl, 0.15mM spermine, 0.5mM spermidine, 10%Glycerol). Subsequently the nuclear proteins

were extracted by adding 1:1 NUN buffer (50mMHEPES pH=7.6, 0.6M NaCl, 2%NP-40, 2M Urea).83 All buffers were supplemented

with protease inhibitors cocktail (Protease Inhibitor Cocktail Set III, EDTA-Free, EMD Millipore Corp, 539134), PMSF (1:200), vana-

date (1:500), DTT (1:1000), NaF (1:1000).

Protein concentration was determined by the Bradford assay (Bio-Rad) and normalized between samples. Then, samples were

heated at 95�C for 5 min in Laemmli sample buffer and analyzed by SDS-PAGE and immunoblot. Antibodies that were used: Rabbit

anti-BMAL1 (Asher et al., 2010), Rabbit anti-HIF1A (Cell Signaling, D1S7W), Mouse anti-eNOS (Santa Cruz, 376751), Rabbit anti-ERK

(Sigma Aldrich, M5670), Rabbit anti-pERK (Cell Signaling Technology, 9101), Rabbit anti-pAKT (Cell Signaling Technology, 4060),

Rabbit anti-AKT (PAN) (Cell Signaling Technology, 2920), Rabbit anti-iNOS (ThermoFisher Scientific, PA3-030A), Mouse anti-

TUBULIN (Sigma, T9026), Mouse anti-ACTIN (Sigma, A3853), Mouse anti-Endothelin 1 (Abcam, ab2786), Mouse anti-PCNA (Cell

Signaling Technology, 2586) and Mouse anti-U2AF (Sigma, U4758).

Mouse Cytokine Array
Mouse serum from each genotype was obtained at CT16 normoxia and pooled together (n=5). 120ml of pooled serum were analyzed

in duplicates using Mouse Cytokine Array Panel A (ARY006) according to the manufacturer’s protocol. The pixel densities of each

cytokine were quantified for the different genotypes with image analysis software (ImageJ). Only cytokines with mean pixel density

value more than 1000 in at least one genotype were included in the analysis.

Liver Triglycerides measurements
Triglyceride levels in the mouse livers were determined using the Triglyceride Colorimetric Assay Kit (Cayman Chemical, 10010303)

according to the protocol supplied by the manufacturer.

MARS-seq library preparation and sequencing
We used a derivation of the MARS-seq as described,84 originally developed for singlecell RNA-seq to produce expression libraries,

and exclusively sequencing the 3’-end of the transcripts. The prepared MARS-seq libraries were sequenced with high-output 75 bp

kit (NextSeq 500/550 High Output Kit v2.5 (75 Cycles) 20024906, Illumina) on NextSeq 500/550 Illumina sequencer.
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RNA-seq data processing of raw sequencing data into read counts was performed via the User-friendly Transcriptome Analysis

Pipeline (UTAP).77 In short, reads were trimmed using cutadapt and mapped to genome (/shareDB/iGenomes/Mus_musculus/

UCSC/mm10/Sequence/ STAR_index) using STAR85 (default parameters). The pipeline quantifies the genes annotated in RefSeq

(that have expanded with 1000 bases toward 5’ edge and 100 bases toward 3’ bases). Counting was done using htseq-count (union

mode).86 RNA-seq statistical analysis was performed together for all genotypes. Only genes withminimum5 read in at least one sam-

ple were included in the analysis. The data was normalized based on the ‘DESeq2’ package normalization method.87 Statistical anal-

ysis was done using the pair-wise comparisons between 21% oxygen vs 6% oxygen conditions within each genotype at each time

point with DESeq2. PCAwas performed using the Bioconductor package DEseq2 (version 1.10.1) in R software (version 3.1.3) based

on variance-stabilized normalized read counts.88 An OFDR (Overall False Discovery Rate) was calculated from the F-test’s p-values

for each gene by the Benjamini-Hochberg method. Only genes with OFDR < 0.05 were tested for the confirmation hypotheses.

Enrichment analysis was performed with EnrichR.78

Lung sections image analysis
Regions of interest (ROIs) were manually defined using FIJI to exclude structures such as bronchi, terminal bronchioles, and blood

vessels that may be misclassified as alveolar spaces. For each ROI, Raw Integrated Density was calculated by multiplying the mean

intensity of the pixels by the area of the ROI. The area of alveoli was then expressed as a percentage of the total lung area. Trainable

Weka Segmentation (WEKA)76 was used to train the classifier manually on several datasets. Once trained, the algorithm was used to

identify and isolate alveoli in the images. The percentage of alveoli area was calculated within the region of interest in the lung as

previously described89

Lung Single cell RNA seq
Lung Single Cell Isolation

The whole lung of BHLKO and control AlbCREmale mice were collected at CT16 (3 biological replicates for each condition with total

of 6 lungs). Cell dissociation was followed according to the Miltenyi Biotec lung dissociation kit protocol (#130-095-927). In short, the

lungs were dissociated using enzymatic degradation followed by gentleMACS dissociation (#130-093-235) to obtain single cell

suspension.

Single cell library preparation and sequencing using Chromium 10x genomics platform

Cells were counted and diluted to a final concentration in PBS supplemented with 0.04% BSA. Cellular suspension was loaded onto

Next GEM Chip G at a concentration of 700-1200 cells/mL and then ran on a Chromium X instrument to generate GEM emulsion (10x

Genomics). Single-cell 3’ RNA-seq libraries were generated according to themanufacturer’s protocol (10x Genomics ChromiumSin-

gle Cell 3’ Reagent Kit User Guide v3.1 Chemistry).

Single-cell 3’ RNA-seq libraries were quantified using Next Library Quant Kit for Illumina (NEB) and high sensitivity D1000

TapeStation (Agilent). Libraries were pooled according to targeted cell number, aiming for �20,000 reads per cell. Pooled libraries

were sequenced on a NovaSeq 6000 instrument using an S1 100 cycles reagent kit (Illumina).

Single cell RNA-Sequencing Analysis

The Cell Ranger Single Cell Software Suite (v7.2.0) was used to perform post sequencing processing. The reads were aligned to the

mouse transcriptome reference (mm10, Ensembl 93) with STAR85 with including intronsmodel. Raw read count tables were analyzed

using the Seurat (v4.1.0)90 standard pipeline on the R platform (v4.1.1). A total of 24,532 cells were sequenced and 25,332

genes counted. A median of 2,374 genes were detected per cell with a median of 5,670 UMI counts per cell. Cells with

200 > and < 8000 counts and < 25% mitochondrial reads were retained. Ribosomal genes denoted as [Rpsl], [Rplp] and [Rpsa]

were removed. Following filtering, 22,741 cells remained; 10,706 which belonged to AlbCRE lungs and 12,035 belonging to

BHLKO lungs. FindVariableGenes function was used to calculate the principal components. Cell clusters were identified using the

shared nearest neighbor algorithmwith a resolution parameter of 0.8, UMAP clusters were defined based on the first twenty principal

components. To rule out potentially spurious results arising from variability across replicates, we adopted canonical correlation anal-

ysis to integrate the six samples using default parameters.79 Scaling, PCA and UMAP were performed again using the first twenty

principal components. FindAllMarkers function was used to identify genes significantly expressed in each cluster using Wilcoxon

Rank Sum test (Data S6). FindMarkers function was used to identify differentially expressed genes between cell groups using Wil-

coxon Rank Sum test (Data S7). 28 clusters of the 30 clusters were identified as specific cell types based off markers from the liter-

ature and SingleR81 (Table S2).

Pseudobulking was carried out on each major cell type,91 (Data S8). DESeq287 was used to identify significant gene expression

changes (FDR < 0.05) within each major lung cell type cells. Pathway enrichment analysis was performed using ShinyGO (v8.0).92

The Gene Ontology (GO) database was used. The top 10 pathways containing between 2 and 1000 genes were retained. For endo-

thelial cells, stromal cells and alveolar macrophages, the expression from genes in clusters which corresponded to certain GO path-

ways were displayed as heatmaps across each of the biological replicates.

Blood Biochemistry Analysis
Blood serum biochemistry analyses (i.e., liver and kidney function tests, blood electrolytes, hemoglobin and hematocrit) were per-

formed with American Medical Laboratories (AML).
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Blood pH and gases measurements
Mixed arterial venous blood was collected in lithium-heparin coated tubes from the eye utilizing the retro-orbital bleeding method.

The blood was added to the CG4+ cartridges (ABT-03P85-25) and blood pH and gases were measured with the iSTAT machine.

Histopathological examination
After sacrifice, livers and lungs were fixed in 4% paraformaldehyde (PFA) at 4�C overnight. Next day, 4% PFA was replaced by 1%

PFA. The tissues were then embedded in paraffin, sectioned, and mounted on glass microscope slides. The sections were stained

with hematoxylin and eosin and examined using light microscopy by two independent researchers who were blinded to the random-

ization scheme.

Baseline Echocardiography
AlbCRE and BHLKO mice were shaved on the chest and abdomen the day before the measurements using depilatory cream. To

avoid a long exposure to isoflurane, which might influence the cardiovascular parameters, the experiment was performed on the

following day.

The mice were anesthetized with isoflurane and set in a supine position on the mouse handling table. The ultrasound was per-

formed using the MX550D transducer (Visual Sonics, with the cardiac settings). Parasternal long axis and short axis images of the

left ventricle (LV) were acquired in BMode. Next, short axis transaortic view, cross aortic views and 4 chamber images were recorded

in B Mode. The mice were then allowed to wake up in a warmed cage and were returned to their home cages.

All the recordingswere analyzed using the Vevo Lab (ver 5.8.1). The following parameters were extracted fromparasternal long axis

view of the LV in Bmode: ejection fraction (EF), fractional shortening (FS) and Stroke Volume (SV). The Left atrium size wasmeasured

using the chambers view in B mode.

Measures of the left ventricular outflow tract diameter (dLVOT) and right ventricular outflow tract diameter (dRVOT) were made using

respectively the parasternal long axis view of the LV and the short axis transaortic view. Measurement of the blood flow was made

using colored and pulsed wave doppler in order to quantify the aortic and pulmonary flow, then aortic and pulmonary velocity

time integral (Ao VTI and PAVTI, respectively) were calculated using the Vevo Lab software. The ratio Qp/Qs was calculated as

such: Qp/Qs= (p * (dRVOT/2)
2 * PAVTI) / (p * (dLVOT/2)

2 * AoVTI)

Contrast enhanced echocardiography
Mice were shaved on the chest the day before the experiment using depilatory cream. Contrast enhanced echocardiography was

performed using MX250 transducer and a Vevo 3100 system (Visual Sonics), with the Non Linear Contrast setting. The mice were

anesthetized using isoflurane and an IV catheter (27G needle mounted on a silicone tube and then flushed 50 uL heparin) was im-

planted in the tail vein before imaging. The microbubble solution, the Vevo MicroMarker Non-Targeted Contrast Agent Kit for Tissue

Enhancement, Perfusion andMicrocirculation Applications (Visual Sonics) were purchased from Elsmed and diluted according to the

Manufacturer instruction for cardiac imaging.

Mice were placed in supine position on the mouse handling table, with a nose cone to maintain anesthesia and their paws taped to

the electrodes to monitor their heart and respiratory rate. Modified parasternal long axis images were acquired from the left ventricle

(LV). The IV catheter was flushed with 100 uL of saline, then a volume of 50 uL of diluted (0.2 10^7 bubbles/uL) microbubbles was

injected IV. The time and duration of the saline and of themicrobubbles injections weremarked in the recording. The images obtained

were then analyzed using the Vevo Lab software (ver 5.8.1).

During analysis, the period between the injection of microbubble and their appearance in the left ventricle was measured as such:

(frame number of apparition - frame visualization of themicrobubbles in LV) x frame rate. The time from injection until the appearance

of microbubbles in the LV was normalized to the animal’s heart rate during this time window. The analysis was performed by an in-

dependent researcher who was blinded to the randomization scheme.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics
All the statistical analyses were performed using R, and GraphPad prism (Version 9.1.0.221). Specific information on sample sizes,

statistical significance, and variance measures is provided in the relevant figure legends.
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