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SUMMARY

Glioblastoma (GBM) is the most common primary malignant brain tumor in adults with a poor prognosis
despite aggressive therapy. Here, we hypothesized that daily host signaling regulates tumor growth and syn-
chronizes circadian rhythms in GBM. We find daily glucocorticoids promote or suppress GBM growth
through glucocorticoid receptor (GR) signaling depending on time of day and the clock genes, Bmal1 and
Cry. Blocking circadian signals, like vasoactive intestinal peptide or glucocorticoids, dramatically slows
GBM growth and disease progression. Analysis of human GBM samples from The Cancer Genome Atlas
(TCGA) shows that high GR expression significantly increases hazard of mortality. Finally, mouse and human
GBM models have intrinsic circadian rhythms in clock gene expression in vitro and in vivo that entrain to the
host through glucocorticoid signaling, regardless of tumor type or host immune status. We conclude that
GBM entrains to the circadian circuit of the brain, modulating its growth through clock-controlled cues,

like glucocorticoids.

INTRODUCTION

Glioblastoma (GBM) is the most common malignant and deadly
brain tumor in adults.’* Despite an aggressive treatment para-
digm that includes maximal safe surgical resection, radiation
plus concomitant and adjuvant chemotherapy with temozolo-
mide (TMZ), and tumor-treating fields, median survival time
post-treatment is 15 months, and 5-year survival is less than
5% after diagnosis.'** These devastating trends emphasize
the importance of identifying new therapeutic targets and ap-
proaches that can improve outcomes for GBM patients. One
recent approach shown to maximize response to chemo-
therapy and extend survival in cellular and animal models of
GBM, as well as in human patients, is administering TMZ in
accordance with time of day.®® A recent retrospective clinical
study finds that taking TMZ in the morning compared to the
evening is associated with a 6-month increase in median sur-
vival.° We recently demonstrate that circadian regulation in
expression of the DNA repair enzyme, O6-methylguanine-
DNA methyltransferase (MGMT), underlies daily rhythms in
TMZ sensitivity in cellular and animal models of GBM.® These
findings suggest that circadian rhythms in GBM may regulate
tumor biology and response to therapies.

In addition to therapies that aim to reduce tumor growth,
GBM patients are currently treated with corticosteroids around
the time of surgery and radiation, and often at the time of termi-
nal progression, to reduce GBM-induced cerebral edema.®™""
Dexamethasone (DEX) is the drug of choice among synthetic
glucocorticoids (GCs, cortisol in humans and corticosterone
in rodents) due to its ability to decrease the permeability of
the blood brain barrier,®'>~'* high specificity for the glucocorti-
coid receptor (GR), long half-life, and high potency.'® However,
glucocorticoid action has been variably implicated in tumor
progression.'" Several studies show tumor suppressive effects
of DEX in patients and in various GBM models in vitro and
in vivo."®~'° Others demonstrate that DEX promotes GBM cell
proliferation and a glioma stem cell-like phenotype, decreases
host survival, and induces resistance to chemotherapy with
TMZ.""2°72% None of these studies have controlled for the pos-
sibility of glucocorticoid action varying with time of day or
whether daily activation of the glucocorticoid signaling pathway
drives GBM progression. Because glucocorticoid levels
increase dramatically each day prior to waking®®=° under
circadian control,®" we hypothesized that daily glucocorticoid
signaling regulates tumor progression dependent on circadian
time in GBM.

Cancer Cell 43, 1-17, January 13, 2025 © 2024 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:herzog@wustl.edu
https://doi.org/10.1016/j.ccell.2024.11.012
http://creativecommons.org/licenses/by/4.0/

Cancer Cell (2024), https://doi.org/10.1016/j.ccell.2024.11.012

Please cite this article in press as: Gonzalez-Aponte et al., Daily glucocorticoids promote glioblastoma growth and circadian synchrony to the host,

¢ CellPress

OPEN ACCESS

Unlike other cancers where circadian rhythms tend to be dis-
rupted, well-studied murine, human, and primary GBM models
have reliable circadian rhythms in clock gene expression and
sensitivity to therapies.”®*?*3 This leads to the hypothesis that
GBM tumors act as peripheral circadian pacemakers that syn-
chronize (entrain) their daily rhythms to the host to regulate
tumorigenic processes. To maintain synchronized circadian
rhythms in physiology and behavior, all vertebrates depend on
a central circadian pacemaker in the suprachiasmatic nucleus
(SCN) of the brain that entrains its daily rhythms in clock gene
expression through light and neuropeptides, such as pituitary
adenylate cyclase-activating peptide (PACAP) and vasoactive
intestinal peptide (VIP).***° The SCN, in turn, regulates daily
rhythms in the rest of the body through signals, including body
temperature,*’**? glucocorticoids,**** and insulin/insulin-like
growth factor (IGF) in combination with glucose.”*™*" Among
these, glucocorticoids are one of the highest amplitude circadian
outputs, and suffice to synchronize circadian clocks in tissues
including brain, liver, kidney, and heart.*® Here we test the hy-
pothesis that daily glucocorticoid signaling synchronizes circa-
dian rhythms in GBM to the host. Altogether, we find that block-
ing the daily peak of glucocorticoid signaling desynchronizes
circadian rhythms in GBM from the host and dramatically slows
disease progression in tumor-bearing mice.

RESULTS

Glucocorticoids promote GBM growth through
glucocorticoid receptor signaling dependent on
circadian time

Glucocorticoids like DEX are reported to either promote or sup-
press GBM tumor growth.""'>2° This variable response could
be due to direct effects on glucocorticoid receptor (GR) signaling
in different contexts, such as the time of day when DEX was
delivered, or through GR-independent pathways. We hypothe-
sized that known circadian variation in daily glucocorticoid
secretion and clock-controlled GR signaling might underlie the
variability in tumor growth effects. We used the well-character-
ized human LN229 and murine GL261 GBM cell lines, which
have been previously found to have reliable circadian rhythms
in clock gene expression and response to TMZ chemotherapy.®
We transduced LN229 and GL261 GBM cultures with luciferase
reporters driven by the promoters of the clock genes Bmal1 or
Per2 (Figure 1A). Real-time in vitro bioluminescence recordings
showed that GBM cells have intrinsic daily rhythms in Bmal1
(B1L, green) and Per2 (P2L, yellow) expression (Figures 1B,
1C, and S1A-S1C), with Bmal1 consistently peaking approxi-
mately 10 h before peak Per2 expression, and a circadian period
ranging from 23 h to 31 h (Figures S1A-S1C). We next treated
LN229-P2L and GL261-P2L cultures with 100 nM of the syn-
thetic glucocorticoid DEX or vehicle (0.001% ethanol) at either
the daily peak or trough of Per2 expression. We found that
DEX promoted about a 3-fold increase in GBM growth when
delivered around trough of Per2 but suppressed growth by about
3-fold at the peak, in both cell lines (Figures 1D and 1E). To test
whether this time-dependent effect of DEX on tumor growth
depended on GBMe-intrinsic GR signaling, we reduced GR
expression in LN229-P2L and GL261-P2L GBM cells using
viral-mediated knock-down (hereafter, GR KD; Figures S2A-
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S2D). Knocking down GR by approximately 62% or 87% in
LN229 and GL261 cells, respectively, did not affect intrinsic
cell growth or daily Per2 expression in vitro (Figures S2E-S2H),
but eliminated the time-dependent DEX-induced GBM growth
in vitro (Figures 1F and 1G). To assess whether GBM cells exhibit
daily rhythms in GR expression, we collected mRNA from LN229
cells every 4 h over 48 h and performed gPCR to measure Nr3c1
(GR) and Bmal1 gene expression. We found daily rhythms in
Bmal1 and GR expression in LN229 cells, with transcription of
both genes peaking at circadian time (CT) 12 (Figures S2I and
S2J). These results are consistent with previous measurements
of clock gene transcription (i.e., Bmal1:luc reporter) and indicate
circadian regulation of GR expression. Altogether, these results
suggest that glucocorticoids, like DEX, can regulate GBM
growth directly through rhythmic GR signaling as a function of
circadian time.

To evaluate in vivo glucocorticoid effects as a function of time
of day, we first characterized daily clock gene expression in or-
thotopic GBM xenografts. We implanted human LN229 cells into
immunocompromised nude mice or murine GL261 cells into
immunocompetent C57BI/6NJ mice housed in a light/dark cycle
(LD, where lights on is defined as zeitgeber time (ZT) 0 and lights
off as ZT12). GBM cells expressed either the Bmal1- or Per2-
luciferase reporter. Approximately 10 days after implantation
into the basal ganglia, we imaged in vivo bioluminescence every
4 h over 36 h from anesthetized mice (Figure 2A). We found reli-
able daily rhythms in tumor clock gene expression in vivo, with
Bmal1 peaking in the early morning (ZT4) and Per2 peaking at
night (ZT18; Figures 2B-2E). Additional recordings of Bmal1
and Per2 expression from GL261 or LN229 xenografts in freely
moving mice also showed anti-phase circadian rhythms in clock
gene expression over 72 h in constant darkness, with Bmal1
peaking during the subjective day and Per2 peaking at night
(Figures S3A-S3E).

Because GBM tumors are highly heterogeneous, we tested
whether circadian rhythms in clock gene expression differ
among additional human and mouse GBM models. We found
similar anti-phase daily rhythms in Bmal1 and Per2 expression
recorded in vitro and from in vivo orthotopic xenografts of a mu-
rine GBM model (NF1~/~ DNp53) and a primary human GBM
isolate (B165) (Figures S4A-S4H). Consistent with our findings
with GL261 and LN229, Bmal1 peaked during the day and
Per2 peaked at night in NF1~/~ DNp53 and B165 GBM tumors
in vivo (Figures S4E-S4H). To assess whether daily rhythms in
clock gene expression change with disease progression in vivo,
we repeatedly imaged GL261-P2L xenografts at 11 and 18 days
post-implant. We found that, as the tumors grew and mice lost
body weight from 11 to 18 days post-implant (Figure S5A),
Per2 reliably peaked during the night (ZT16; Figures S5B-S5E).
Together, these data demonstrate that clock gene expression
is conserved across diverse GBM tumors in vitro and in vivo,
and that these daily cycles of clock gene expression synchronize
to their host regardless of host immune status and over the
course of disease progression.

To test if glucocorticoids act directly to promote GBM prolifer-
ation as a function of circadian time in vivo, we implanted
mice with either human LN229, with or without GR, or murine
GL261 cells, and tracked tumor size by in vivo bioluminescence
imaging. Once tumor growth was established at 11 days
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Figure 1. Dexamethasone promotes GBM growth through glucocorticoid receptor signaling dependent on circadian time of treatment
in vitro

(A) Schematic of cell transduction with reporters of clock gene (Period2, Per2, or Bmal1) expression.

(B and C) Human LN229 (B) and murine GL261 (C) GBM cell lines transduced with a Per2- or Bmal1-driven luciferase reporter (Per2:luc [P2L] and Bmal1:luc [B1L],
respectively) show circadian rhythms in clock gene expression in vitro (mean + SEM, n reported in figure, all recordings had cosine fits with correlation co-
efficients, CC > 0.9).

(D and E) Acute treatment of LN229 (D) and GL261 (E) GBM WT cells with 100 nM DEX in vitro suppressed cell proliferation about 3-fold when added at the peak of
daily Per2 expression, and increased growth about 3-fold when administered at the trough (mean + SEM, n = 3 per group, two-way ANOVA with Sidak’s multiple
comparisons test, *p < 0.05, *p < 0.01, ***p < 0.0001).

(F and G) LN229 (F) and GL261 (G) cells lacking the glucocorticoid receptor (GR KD) did not proliferate in response to DEX treatment at either the daily peak or
trough of Per2 expression in vitro (mean = SEM, n = 3 per group, two-way ANOVA with Sidak’s multiple comparisons test, ns p > 0.05). See also Figures S1
and S2.

post-implant, we delivered 0.5 mg/kg DEX or vehicle (water) by
oral gavage for 6 consecutive days at either 4-h (ZT4) or 12-h
(ZT12) after daily light onset (corresponding to the trough or
peak of tumor Per2 expression, respectively). To control for the
effects of mouse handling, we treated all mice with vehicle by
oral gavage at the times when they did not receive DEX (Fig-
ure 2F). We found that LN229 and GL261 tumor size significantly
increased by 2- and 5-fold, respectively, in mice receiving DEX in

the morning, compared to evening and vehicle treatments
(Figures 2G and 2H). No significant differences between morning
and evening DEX treatment were found in mice bearing LN229
GR knockdown (KD) tumors (Figure 2G). Mice bearing LN229
and GL261 WT tumors treated with DEX in the morning lost
significantly more weight than those treated in the evening or
with vehicle, or those bearing an LN229 GR KD tumor, indicating
greater disease progression (Figures 21 and 2J). As an additional
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Figure 2. Dexamethasone promotes GBM growth
through glucocorticoid receptor signaling when
administered in the morning around the daily
trough of Per2 expression in vivo

(A) Schematic of orthotopic xenograft into mouse basal
ganglia and bioluminescence imaging. Mice were im-
planted with GBM cells expressing a Per2:luc (P2L) or
Bmal1:luc (B1L) reporter to record tumor clock gene
expression.

(B and C) Representative bioluminescence images of
LN229 (B) and GL261 (C) tumor xenografts in mice during
the day (ZT0-12, yellow bar) and night (ZT12-24, gray bar)
show high Bmal1 expression during the day, and high Per2
expression during the night (BLI counts are x10°, color bar
depicts relative bioluminescence intensity).

(D and E) GBM xenografts show reliable peak Per2 (yellow
line) expression at night and Bmal1 (green line) during the
day when implanted in nude (D) or C57BL/6NJ (E) male or
female mice (zeitgeber time (ZT), mean + SEM, n reported
in figure, average traces scored circadian by JTK cycle
p <0.05). Light yellow background represents daytime and
gray background represents nighttime.

(F) Schematic of two DEX treatment paradigms after tumor
implantation. Each dot represents a time of treatment;
orange dots represent treatment with DEX, while gray dots
represent treatment with vehicle. Yellow bars represent
daytime and gray bars represent nighttime.

(G and H) DEX in the morning promotes LN229 (G) and
GL261 (H) tumor growth in vivo. Tumor size increased 2- to
5-fold when treating mice implanted with wild-type (WT)
LN229 or GL261 cells in the morning (ZT4, AM) compared
to evening (ZT12, PM) or vehicle (Veh). DEX in the morning
or evening did not significantly induce tumor growth
in mice implanted with GR KD LN229 cells (mean + SEM,
n =8in WT LN229-bearing mice receiving DEX AM or PM,
n = 4 in all other groups, BLI counts on representative
images are x10°, color bar depicts relative biolumines-
cence, one-way ANOVA with Tukey’s multiple compari-
sons test, *p <0.05, **p < 0.01, **p < 0.001, ****p < 0.0001).
(1) Mice bearing LN229 WT tumors treated with DEX in the
morning lost more body weight from start to end of the
experiment compared to mice treated in the evening or
with vehicle, or bearing GR KD cells (mean + SEM, n = 4
per group, left: two-way ANOVA with Tukey’s multiple
comparisons test, right: one-way ANOVA with Tukey’s
multiple comparisons test, *p < 0.05, **p < 0.01).

(J) Mice bearing GL261 WT tumors treated with DEX in the
morning lost more body weight from start to end of the
experiment compared to mice treated in the evening or
with vehicle (mean + SEM, n = 4 per group, left: two-way
ANOVA with Tukey’s multiple comparisons test, right: one-
way ANOVA with Tukey’s multiple comparisons test,
*p < 0.05, *p < 0.01). See also Figures S3-S6.
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Figure 3. Dexamethasone-induced growth
(around the daily trough of Per2 or morning)
and suppression (around the daily peak of
Per2 or evening) depends on an intact circa-
dian clock in GBM cells

(A) BMAL1 KD reduced the amplitude of daily
rhythms in Per2 in human LN229-P2L cells in vitro
(hereafter abbreviated as Bmall KD, shRNA
construct 14, mean + SEM, n reported in figure, all
recordings had cosine fits with correlation co-
efficients of CC < 0.7 Bmal1 KD).

(B) LN229-P2L cells with Bmal1l KD showed no
differences in growth in response to 100 nM DEX or
vehicle treatment around the peak or trough of Per2
expression in vitro (mean + SEM, n = 3 per group,
two-way ANOVA with Sidak’s multiple compari-
sons test, ns p > 0.05).

(C) DEX increased growth by about 3-fold when
administered in the morning (ZT4, AM) compared
to the evening (ZT12, PM) in vivo. No significant
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differences in tumor size were observed in mice
bearing LN229 Bmal1 KD tumors, or treated with
DEX in the morning or evening (mean + SEM, n=4
per group, BLI counts on representative images are
x10%, color bar depicts relative bioluminescence,
one-way ANOVA with Tukey’s multiple compari-
sons test, *p < 0.05).

(D) Mice bearing LN229 WT tumors treated with
DEX in the morning (orange) lost more weight from
start to end of the experiment compared to mice
treated in the evening (blue), or bearing an LN229
Bmal1 KD tumor (mean + SEM, n = 4 per group, left:
two-way ANOVA with Tukey’s multiple compari-
sons test, right: one-way ANOVA with Tukey’s
multiple comparisons test, *p < 0.05).

WT Bmal1 KD

(E) Human LN229-P2L GBM cells show circadian rhythms in Per2 gene expression in vitro (mean + SEM, n reported in figure, all recordings had cosine fits with

correlation coefficients of CC > 0.9).

(F) Treatment with a cryptochrome agonist (KL0O1, 1 uM) also blocked the time-

of-day dependent growth response to DEX in vitro. In contrast, a cryptochrome

inhibitor (KS15, 1 uM) increased cell growth to DEX at the trough, but not at the peak, of Per2 expression compared to vehicle (mean + SEM, n = 3 per group, two-
way ANOVA with Sidak’s multiple comparisons test, *p < 0.05, **p < 0.01). See also Figure S7.

indicator of tumor proliferation, we collected brain tissue at
20 days post-implant and stained for the proliferation marker
Ki67. We found significantly higher Ki67 expression and tumor
area in brain sections from mice receiving DEX in the morning,
compared to evening or vehicle (Figure S6A and S6B). We
conclude that glucocorticoids in the morning in vivo (around
peak Bmal1 and trough Per2 expression) promote GBM growth
and accelerate disease progression through intrinsic GR
signaling.

Our results showing time- and GR-dependent effects of DEX
on tumor growth suggest a circadian modulation of glucocorti-
coid signaling in GBM. To test whether the growth-promoting ef-
fects of DEX depend on an intact circadian clock, we used two
different viral-mediated short hairpin RNA constructs to reduce
Bmal1 levels with an 86%-93% KD efficiency (Figure S7A). We
found both KD constructs disrupted the intrinsic circadian clock,
as evidenced by decreased amplitude of circadian Per2 expres-
sion in LN229-P2L cells (Figure 3A, and S7B-C). We next treated
LN229-P2L Bmal1 KD cells with 100 nM DEX or vehicle at either
the peak or trough of Per2 expression. We found that Bmal1 KD
abolished DEX-induced tumor growth or suppression at both
circadian phases in vitro (Figures 3B and S7D). To test this hy-
pothesis in vivo, we implanted LN229 WT or Bmal1 KD cells

into the basal ganglia of immunocompromised nude mice,
tracked tumor size by in vivo bioluminescence imaging, and
delivered DEX or vehicle in the morning or evening for six days.
Consistent with our previous findings, morning treatment with
DEX significantly increased LN229 WT tumor size and mice
lost more weight, compared to evening treatment (Figures 3C
and 3D). In contrast, no differences in tumor size and body
weight loss were found between morning and evening treatment
groups in mice bearing LN229 Bmal1 KD tumors (Figures 3C
and 3D).

To further test whether the circadian clock regulates DEX-
induced GBM growth, we modulated the activity of the clock
repressor Cryptochrome (Cry) using the validated agonist
(KLOO1) or inhibitor (KS15) of CRY1 and CRY2 proteins.%4-5C
We treated LN229-P2L cells with either 100 nM DEX in combina-
tion with 1 pM KLOO01, 100 nM DEX in combination with 1 pM
KS15, or vehicle, at either the peak or trough of Per2 expression
(Figure 3E). We found that KLOO1 abrogated the time-dependent
growth and suppressive responses to DEX in vitro at both phases
of Per2 expression (Figure 3F). In contrast, KS15 blocked the
suppressive effect of DEX at peak Per2 and sustained DEX-
induced cell growth at the trough of Per2 expression compared
to vehicle (Figure 3F). We conclude that the circadian clock in
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Figure 4. Daily glucocorticoid signaling promotes GBM growth and accelerates disease progression

(A and B) Glucocorticoids promote cell growth in vitro in LN229 (A) and GL261 (B) WT, but not in GR KD cells (mean + SEM, n = 3 for GR KD GL261-P2L cells,n=6
in all other groups. Two-way ANOVA with Bonferroni’s multiple comparisons test, ****p < 0.0001, ns p > 0.05). Cells treated with 100 uM cortisol (LN229) or
corticosterone (GL261) (Cort) grew an average of 4- to 2-fold compared to vehicle-treated or GR KD cultures.

(C and D) Tumor size was higher in mice bearing LN229 (C) and GL261 (D) WT tumors (yellow) compared to GR KD (blue, mean + SEM, n reported in figure, two-
way ANOVA with Sidak’s multiple comparisons test, *p < 0.05, **p < 0.01, **p < 0.001. BLI counts on representative images are x10°, color bar depicts relative
bioluminescence).

(E and F) Probability of survival was higher in mice bearing LN229 (E) and GL261 (F) GR KD tumors compared to those implanted with WT tumors (n reported in
figure, log rank Mantel-cox test, *p < 0.05. Mice bearing LN229 (E) or GL261 (F) GR KD tumors lost less weight from start to the end of the experiment compared to
mice implanted with WT tumors (mean + SEM, n reported in figure, Student’s t test, **p < 0.01, ****p < 0.0001).

(G and H) Independent measurements of tumor size using a constitutive Ef1a-luc reporter in LN229 (G) and GL261 (H) tumors showed higher tumor biolumi-
nescence in mice bearing WT tumors (yellow) compared to GR KD (blue, mean + SEM, n reported in figure, two-way ANOVA with Sidak’s multiple comparisons
test, “p < 0.05, **p < 0.01).

(I and J) Mice bearing LN299 (1) and GL261 (J)-Ef1a GR KD tumors lost less weight from start to the end of the experiment compared to mice implanted with WT
tumors (mean + SEM, n reported in figure, Student’s t test, “*p < 0.01).

(K) NR3C1 (GR) mRNA expression was significantly higher in human IDH1 WT GBM samples compared to non-tumor histology (data obtained from The Cancer
Genome Atlas Program (TCGA) database, n reported in figure, solid line indicates median, Wilcoxon rank-sum test, **p < 0.001).

(L) Cox proportional hazard model on patients’ overall survival with NR3C1, with incorporation of known risk factors, showed a 60% increase in hazard of mortality
for every one unit increase in NR3C1 expression in GBM (Wald test, abbreviations in table are defined as follows: hazard ratio (HR), overall survival (OS), con-
fidence interval (Cl), O6-methylguanine-DNA methyltransferase (MGMT). See also Figures S8 and S9.

GBM cells is necessary for DEX-induced growth around the daily ~ treating GBM cells with corticosterone or cortisol resulted in
Per2 trough (morning) and suppression around the daily Per2 increased cell growth, compared to vehicle (Figures 4A and
peak (evening). 4B). Knocking down GR eliminated glucocorticoid-induced cell

We propose a model whereby during the night, whenthe clock  growth (Figures 4A and 4B), suggesting that glucocorticoids
repressors Per and Cry are highly expressed in GBM cells, GR  must act through GR to promote GBM growth. We next im-
signaling activity is repressed by the circadian clock, leading to  planted LN229-P2L and GL261-P2L cells, WT or GR KD, into
GBM growth arrest or suppression. In contrast, during the morn-  the basal ganglia of immunocompromised nude or C57 WT
ing, when expression of Per and Cry decreases, and the clock mice, respectively. In vivo, GR KD tumors grew strikingly less,
activator Bmal1 increases, GR signaling is enabled to respond by 5- to 6-fold, than WT tumors (Figures 4C and 4D) and these

to circulating glucocorticoids, promoting GBM growth. mice survived longer and lost less weight from start to end of

the experiment (Figures 4E and 4F). As an independent assess-
Daily glucocorticoid signaling to GBM promotes tumor ment of tumor progression in vivo, we measured expression of
growth and accelerates disease progression the constitutive reporter Ef1a:luc in GBM xenografts. We found

To test the hypothesis that daily endogenous glucocorticoid Effa-driven bioluminescence in LN229 and GL261 cells
signaling regulates GBM progression, we first treated LN229- increased with cell number, without circadian modulation,
P2L and GL261-P2L cells, with or without GR, with the glucocor-  in vitro (Figures S8A and S8B), and in vivo (Figures S8C and
ticoids cortisol and corticosterone, respectively. Consistent with  S8D). We next generated GR KD lines of LN229- and GL261-
our previous findings using the synthetic glucocorticoid DEX, Efia:luc cells and tracked tumor size following implantation
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into the basal ganglia. Consistent with our previous findings, GR
KD cells grew significantly less, by 2- to 5-fold, than WT xeno-
grafts (Figures 4G and 4H). These mice lost less weight from start
to end of the experiment, indicating slower disease progression
(Figures 4l and 4J). Finally, we measured Ki67 expression as an
additional marker of cell proliferation and found significantly
higher Ki67 expression and tumor area in WT tumor slices,
compared to GR KD (Figures S9A and S9B). These results
indicate that GR expression in GBM cells is required for endog-
enous glucocorticoids to promote tumor growth and disease
progression.

To assess the potential clinical significance of targeting the
glucocorticoid signaling pathway in GBM, we analyzed expres-
sion of NR3C1 (GR) in GBM patient samples using data from
The Cancer Genome Atlas (TCGA). We found that NR3CT
mMRNA levels were significantly higher in GBM relative to non-tu-
mor histology (Figure 4K). To investigate the impact of NR3C1
expression on GBM patient survival, we fit a Cox proportional
hazard model on patients’ overall survival and found that hazard
of mortality significantly increased by 60% for every one unit in-
crease in NR3C1 expressionin GBM (Figure 4L). These data sup-
port that targeting the glucocorticoid receptor signaling pathway
could be a promising strategy for treating GBM patients.

To further evaluate if daily rhythms in glucocorticoid secretion
regulate GBM progression, we implanted GL261-P2L cells into
the basal ganglia of mice with impaired circadian rhythms. We
chose to study mice with the VIP gene knocked out because
they lose circadian regulation of rest-wake activity and cortico-
sterone secretion.”®®' We measured fecal corticosterone every
4 h for 24 h in WT and VIP KO mice bearing GL261-P2L tumors
and housed in constant darkness.?® We found corticosterone
secretion peaked during the subjective night (CT12) in WT but re-
mained chronically low in VIP KO mice (Figure 5A). GBM tumors
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Figure 5. Disruption of circadian rhythms in
the host slows GBM growth and disease
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| (A) Fecal corticosterone (CORT) concentration was
il circadian in WT, but not VIP KO mice (mean + SEM,
0 & n = 3 per group, WT trace scored circadian by JTK

= cycle p < 0.05).
o (B) Tumor size was higher in WT mice bearing
- GL261 tumors compared to VIP KO mice (mean +
WT VIPKO SEM, n reported in figure, two-way ANOVA with

Sidak’s multiple comparisons test, *o < 0.05,
**p < 0.01. BLI counts on representative images are
%105, color bar depicts relative bioluminescence).
(C) VIP KO mice bearing GL261 tumors lost less
weight from start to the end of the experiment
compared to WT mice (mean + SEM, n = 6 per
group, Student’s t test, *p < 0.05).

(D) GBM proliferation and tumor area, as measured
by Ki67 expression, was higher in WT mice bearing
GL261 tumors (images with vyellow frame)
compared to VIP KO mice (images with green
frame). In violin plots, dotted lines indicate 25" and
75" percentile, solid line indicates 50™ percentile
(median). (Scale bar: 1 mm, n = 4 per group, Stu-
dent’s t test, *p < 0.05, *p < 0.01). Composite im-
ages of DAPI to label cell nuclei (blue) and Ki67
(magenta) immunostaining of brain sections reveal
tumor location and size.

grew more in WT mice, by 11-fold, compared to VIP KO (Fig-
ure 5B). Furthermore, VIP KO mice bearing GL261-P2L tumors
gained body weight from start to end of the experiment, whereas
WT mice lost weight (Figure 5C), demonstrating that circadian
signaling is required for aggressive GBM progression. Finally,
we found significantly higher Ki67 expression and tumor area
in tumors implanted into WT mice, compared to VIP KO (Fig-
ure 5D). Altogether, these results suggest that the daily surge
in glucocorticoid secretion around waking promotes GBM
growth and accelerates disease progression.

Intrinsic daily rhythms of mouse and human GBM cells
synchronize to the host’s central clock
To assess if GBM cells implanted into the basal ganglia act as
circadian pacemakers that entrain to daily local cues, we re-
corded Bmal1 expression from NF1~/~"DNp53 and running wheel
activity of mice 2 weeks after reversing the 12 h:12 h light:dark
cycle (LD to DL, lights on 7 p.m.—7 a.m.; Figure 6A). We found
that, before the shift in the light cycle, tumor Bmal1 expression
peaked around ZT4 (8 h before daily locomotor activity onset)
and Per2 peaked around ZT18 (6 h after activity onset) in individ-
ual mice and group averages (Figures 6B and 6C). After 2 weeks
in the reversed light schedule, tumor daily rhythms showed peak
Bmal1 around ZTO and Per2 around ZT13 (Figures 6D and 6E).
We then evaluated these mice after 2 weeks in constant dark-
ness (DD) and found that tumor rhythms shifted with the free-
running period of locomotor activity of each mouse (Bmal1
peaked at CT2 and Per2 peaked at CT14; Figures 6F and 6G).
These findings suggest that clock gene expression in GBM tu-
mors entrains to the host’s central clock, shifting as mice entrain
to changes in the light cycle.

To further evaluate how daily rhythms in brain tumors entrain
to the host, we implanted GL261-P2L GBM cells into the basal
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Figure 6. Peak timing of tumor Bmal1 and Per2 synchronizes to host rest-wake activity in different light cycles

(A) Schematic of light shifting paradigm after tumor implantation. Mice were housed in standard 12:12 light/dark conditions (LD), reversed 12:12 dark/light (DL), or
constant darkness (DD). Light yellow background represents daytime and gray background represents nighttime.

(B) Representative 36-h in vivo bioluminescence imaging (top) and locomotor activity profile (bottom) of a mouse implanted with NF1 ~/~ DNp53-BiL cells, in a
standard 12L:12D light schedule, two weeks post-implant, showed peak Bmal1 expression during the light phase (trace scored circadian by JTK cycle p < 0.05)
and entrainment to the light cycle. Light yellow background represents daytime and gray background represents nighttime.

(C) Average traces of 36-h in vivo imaging of NF1~/~ DNp53-B1L (green line) and -P2L (yellow line) GBM tumors two weeks post-implant, in a standard 12L:12D
light schedule, showed peak Bmal1 during the light phase and Per2 during the dark phase (mean + SEM, n reported in figure, average traces scored circadian by
JTK cycle p < 0.05). Light yellow background represents daytime and gray background represents nighttime.

(D) 36-h in vivo imaging (top) and locomotor activity profile (bottom) of the same mouse after two weeks in a reversed 12L:12D light schedule, four weeks post-
implant, showed Bmal1 synchronized to the new dark-light cycle, peaking during the light phase (trace scored circadian by JTK cycle p < 0.05). Light yellow
background represents daytime and gray background represents nighttime.

(E) Average traces of 36-h in vivo imaging of NF1 ~/~ DNp53-B1L (green line) and -P2L (yellow line) GBM tumors after two weeks in a reversed 12L:12D light
schedule (four weeks post-implant) showed tumor rhythms synchronized to the new light-dark schedule (mean + SEM, n reported in figure, average traces scored
circadian by JTK cycle p < 0.05). Light yellow background represents daytime and gray background represents nighttime.

(F) 36-h in vivo imaging (top) and locomotor activity profile (bottom) of the same mouse after two weeks in constant darkness (six weeks post-implant) showed
Bmal1 peaking with the offset of daily locomotion (trace scored circadian by JTK cycle p < 0.05). Light gray background represents subjective daytime, and dark
gray background represents subjective nighttime.

(legend continued on next page)
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ganglia of WT and VIP KO mice, and recorded locomotor activity
and GBM clock gene expression. We found that, in individual WT
mice, Per2 reliably peaked at night (CT16), about 4 h after daily
locomotor onset, but peaked at random times in individual VIP
KO mice that lacked daily rhythms in locomotion (Figures 7A,
7B, and S10A-S10H). Thus, group averaged Per2 expression
was circadian in WT (Figures 7C and S10A-S10D), but not in
VIP KO mice (Figures 7D and S10E-S10H). We used the time
of daily peak Per2 expression from the GBM xenograft of each
mouse to quantify the high synchrony among tumors in WT,
but not VIP KO mice (Figures S10I-S10K). Altogether, our find-
ings indicate daily rhythms in the host are required to synchro-
nize tumor daily Per2 expression. We conclude that GBM tumors
act as peripheral circadian oscillators that synchronize to the
host’s central clock.

GBM requires glucocorticoid receptors to synchronize
daily rhythms to the host
Cell-autonomous circadian clocks have been found in brain re-
gions outside the central pacemaker in the SCN, including the ol-
factory bulb, pineal gland, and pituitary,”>* as well as outside
the brain, in the liver, kidney, lung, brown fat, heart, adrenal
gland, among others.**°° These peripheral oscillators likely inte-
grate signals from the central circadian clock in the SCN to regu-
late daily rhythms in cellular processes. Candidate signals that
have been found to synchronize peripheral clocks include insu-
lin/IGF in combination with glucose, daily fluctuations in body
temperature, and the daily secretion of glucocorticoids. Of
these, glucocorticoids can synchronize circadian clocks in pe-
ripheral tissues and, since we found that tumors fail to entrain
normally in VIP KO mice with blunted sleep-wake and glucocor-
ticoid rhythms, we hypothesized that daily glucocorticoids suf-
fice to synchronize daily rhythms in GBM to the host. To test
this hypothesis, we recorded Per2 expression in vitro from
LN229- and GL261-P2L cells, WT or GR KD, treated with
100 nM DEX. We found that DEX rapidly induced Per2 expres-
sion and shifted the daily rhythms in WT, but not GR KD, cells
(Figures 8A-8D). On the second day after treatment, DEX de-
layed Per2 peak expression in LN229-P2L cells by 4 h,
compared to vehicle (0.001% ethanol), and by 5 h in GL261-
P2L. Because DEX has a long half-life and thus can have lasting
effects on daily gene expression, we next tested whether daily
glucocorticoids can entrain GBM cultures. We recorded Per2
expression from LN229 and GL261 cells in vitro and found that
addition of glucocorticoids (100 uM cortisol or corticosterone)
at CTO for 3 consecutive days synchronized the time of daily
peak Per2 expression to a 24 h rhythm compared to vehicle
(0.001% ethanol; Figures S11A-S11D). Cultures resumed their
free-running circadian periods after termination of daily gluco-
corticoid administration. Together, these findings suggest that
daily glucocorticoid treatment entrains intrinsic Per2 expression
in GBM in vitro.

To test if GR signaling coordinates GBM circadian rhythms
in vivo, we next recorded clock gene expression from GR-defi-
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cient xenografts in tumor-bearing mice. We implanted WT or
GR KD GBM cells into the basal ganglia of mice (LN229-P2L
into immunocompromised nude or GL261-P2L into C57 WT).
After recovery and detection of bioluminescence over back-
ground, we monitored Per2-driven bioluminescence every 4 h
for 36 h (Figures 8E and 8F). We found tumor Per2 expression
reliably peaked in the middle of the night (ZT12-20) in LN229
and GL261 WT cells but peaked at varying times of day in GR-
deficient GBM cells, as evidenced by a lower synchronization
index among mice and misalignment with the daily locomotor
activity onset (Figures 8G and 8H, and S12A-S12L). Additional
real-time recordings of Per2 expression from GL261 WT or GR
KD xenografts in freely moving mice also revealed WT tumors
peaked during the subjective night (CT16-19), but GR KD tumors
peaked during the subjective day (CT5-6; Figures S12M-S120).
We conclude that glucocorticoid receptor signaling establishes a
reliable time of daily clock gene expression in GBM in vivo and
that blocking glucocorticoid signaling to the tumor impairs
GBM circadian entrainment.

DISCUSSION

Previous research has centered on whether synthetic glucocor-
ticoids like DEX regulate GBM progression, yet no studies have
considered the role of daily rhythms in glucocorticoid signaling.
Our findings identify daily rhythms in glucocorticoid signaling
as a regulator of GBM progression, with DEX in the morning
(around the daily peak of tumor Bmal1 expression) promoting,
and DEX in the evening (around the daily peak of tumor Per2
expression) suppressing growth, in vitro and in vivo. Changes
in body weight were consistent with morning DEX accelerating
disease progression, compared to evening or vehicle treat-
ments. These effects depended on activity of the glucocorticoid
receptor (GR) and core clock genes Bmal1 and Cryptochrome
(Cry) 1 and 2. We also found smaller tumors, longer host survival,
and less body weight loss in mice bearing GBM tumors that
lacked the glucocorticoid receptor (i.e., GR KD), suggesting
that circadian regulation of glucocorticoid signaling in GBM
directly drives daily tumor progression in response to endoge-
nous glucocorticoids or exogenously delivered glucocorticoids
like DEX.

The higher expression of GR and increased hazard of mortality
with increased GR expression in human GBM patient samples
further implicates the GR signaling pathway as a potential target
for therapy. Because we found that mice lacking a daily surge in
glucocorticoids (i.e., VIP KO) had slower growing GBM tumors,
we propose that treatments that suppress the activation of the
GR signaling pathway will be effective therapies against GBM
progression.

The finding that daily glucocorticoid signaling promotes GBM
growth opens the doors to a deeper mechanistic understanding
of its role in glioma tumorigenesis and progression. Glucocorti-
coids maintain various metabolic and homeostatic functions
by binding to the glucocorticoid receptor. In the absence of

(G) Average traces of 36-h in vivo imaging of NF1~/~ DNp53-B1L (green line) and -P2L (yellow line) GBM tumors after two weeks in constant darkness (six weeks
post-implant) showed peak expression of Per2 aligned with subjective dusk and Bmal1 with subjective dawn (mean + SEM, n reported in figure, average traces
scored circadian by JTK cycle p < 0.05, circadian time 12, CT12, based on daily locomotor activity onset). Light gray background represents subjective daytime,

and dark gray background represents subjective nighttime.
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glucocorticoids, GR is localized to the cytoplasm, bound to
chaperone proteins such as HSP90. Upon ligand binding, GR
undergoes a confirmational change that triggers its translocation
to the nucleus, where it can exert its actions primarily through
genomic transactivation and transrepression, or by non-
genomic signaling mechanisms.®® The mechanisms by which
this signaling program is regulated by the circadian clock include
the circadian repressors Cryptochromes 1 and 2, which both
bind GR in a ligand-dependent manner and repress GR expres-
sion at night to modulate transcriptional response to glucocorti-
coids.®' Further, we found that GR gene expression varies with
circadian time in vitro in GBM cells, suggesting that one mecha-
nism by which the clock could regulate response to glucocorti-
coids is through direct regulation of GR transcription as a func-
tion of time of day. It will be important to learn how circadian
signals within GBM and between cells in the tumor microenviron-
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Figure 7. Disruption of daily rhythms in the
host desynchronizes tumor Per2 expression
from the host rest-wake activity

(A) Representative 36-h in vivo bioluminescence
imaging (top) and locomotor activity profile (bot-
tom) of a WT mouse implanted with GL261-P2L
cells, two weeks post-implant and in constant
darkness showed tumor Per2 expression peaking
during the subjective dark phase (circadian time
[CT] 16, trace scored circadian by JTK cycle
p < 0.05) and rhythmic locomotor activity starting at
CT12. Light gray background represents subjec-
tive daytime, and dark gray background represents
subjective nighttime.

(B) Representative 36-h in vivo bioluminescence
imaging (top) and locomotor activity profile (bot-
tom) of a VIP KO mouse implanted with GL261-P2L
cells, two weeks post-implant and in constant
darkness, showed tumor Per2 expression peaking
during the subjective light phase (CT4, trace scored
circadian by JTK cycle p < 0.05) and arrhythmic
locomotor activity patterns. Light gray background
represents subjective daytime, and dark gray
background represents subjective nighttime.

(C) Average trace of 36-h in vivo imaging of WT
mice (top) and average locomotor activity profiles
(bottom) for all mice implanted with GL261-P2L
tumors, two weeks post-implant and in constant
darkness (subjective day = light gray and subjec-
tive night = dark gray background), showed reliable
Per2 peak expression and rhythmic daily activity
(mean + SEM, n reported in figure, average trace
scored circadian by JTK cycle p < 0.05).

(D) Average trace of 36-h in vivo imaging of VIP KO
mice (top) and average locomotor activity profiles
(bottom) for all mice implanted with GL261-P2L
tumors, two weeks post-implant and in constant
darkness, showed desynchronized Per2 peak
timing and arrhythmic daily activity (mean + SEM, n
reported in figure, average trace not scored circa-
dian by JTK cycle p > 0.05). Light gray background
represents subjective daytime, and dark gray
background represents subjective nighttime. See
also Figure S10.

ment regulate the response to glucocorticoids in GBM to eluci-
date additional therapeutic targets and best times for treatment
of GBM.

Beyond regulating normal tissue function, the role of GR in can-
cer has been understudied beyond murine lymphoma, human leu-
kemia cells, mouse primary thymocytes, human primary chronic
lymphoblastic leukemia, and acute lymphoblastic leukemia, in
which GR acts as a proapoptotic cue.®°° In other cell types,
however, GR has been shown to coordinate cell division and
mitosis, with loss of GR leading to aberrant chromosome segrega-
tion, accumulation of chromosome complement defects, and a
robust mitotic phenotype.®® While the role of GR in GBM has
received very little attention, our findings suggest that this
signaling pathway regulates tumor progression by inducing a pro-
liferative phenotype, dependent on circadian clock regulation of
GR signaling. We found that glucocorticoid-induced proliferation
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Figure 8. Timing of daily Per2 expression in GBM xenografts depends on glucocorticoid receptor signaling

(A and B) Addition of 100 nM DEX shifted circadian Per2 expression compared to vehicle in LN229 (A) and GL261 (B) GBM cells. Dashed line indicates time of DEX
treatment, mean + SEM, n reported in figure, all recordings had cosine fits with correlation coefficients, CC > 0.9).

(C and D) DEX did not phase shift Per2 expression in GR KD LN229 (C) and GL261 (D) GBM cells. Dashed line indicates time of DEX treatment (mean + SEM, n
reported in figure, all recordings had cosine fits with correlation coefficients, CC > 0.9).

(E and F) Representative images of in vivo tumor imaging during the light (ZT0-12, yellow bar) and dark (ZT12-24, gray bar) phases of LN229-P2L (E) and GL261-
P2L (F), WT or GR KD cells (BLI counts on representative images are x102, color bar depicts relative bioluminescence).

(G and H) Daily Per2 profiles had high synchrony indices (i.e., peaked at similar times of day across mice) in LN229 (G) and GL261 (H) WT tumors. Synchrony was
lower for tumors lacking GR (mean + SEM, n reports cohort number. Synchronization index was calculated as an average of all mice in one cohort. INnLN229,n =5

PMT

- >
3

LN229

Synchronization index

@

Normalized Per2 expression

. i
24 48 72 96 120

-
u

GR KD
1.0+

0.54

O
o
m
X

Synchronization index

&

@

~

N

D

. X

[ ]
Normalized Per2 expression

o

o

] e | on=4.4

T T T u 0 T A u i
24 48 72 96 120 24 48 72 96 120
Hours Post-Plating Hours Post-Plating

mice per one WT or GR KD cohort. In GL261, n = 12 mice in 3 WT cohorts, and n = 14 mice in 3 GR KD cohorts). See also Figures S11 and S12.

depends on the clock genes Bmal1 and Cry, which may relate to
recent findings on glucocorticoid and circadian regulation of the
cell cycle and metabolic homeostasis.®”®° For example, a recent
study found that DEX promotes GBM growth by downregulating
genes controlling G2/M and mitotic-spindle checkpoints, and
upregulating anti-apoptotic regulators BCL2L1 and MCL1.%" It
will be important to elucidate whether there are daily rhythms in
activation of glucocorticoid response elements (GREs) and
transactivation or transrepression of transcription that trigger
cell proliferation in GBM. We propose that low PER and CRY
expression, and high BMAL1 expression, facilitates activation of
ligand-bound GR, which activates intrinsic signaling pathways
that promote GBM growth. Thus, we predict treatments that
augment PER or CRY activity, or inhibit BMAL1 activity, will sup-
press the growth-promoting effects of glucocorticoids like DEX.
Future studies should test how the circadian clock modulates
glucocorticoid and GR activity in GBM and examine which daily
downstream signaling pathways are activated to regulate tumor
growth.

Our findings support a model where GBM tumors act as pe-
ripheral circadian oscillators that can integrate into circadian cir-
cuits of the brain. This has implications for diagnosis and treat-
ment. In the two human and two mouse GBM models tested
in vitro and in vivo, regardless of sex or immune status of the
host, Bmal1 expression peaked during the day and Per2 peaked
at night, suggesting a conserved mechanism that synchronizes
circadian rhythms across a variety of GBM cell types and geno-
types. Recent findings in humans, cellular, and animal models of
GBM have shown increased sensitivity to chemotherapy with
TMZ when delivered in the morning.®® This can now be ex-
plained based on the diversity of GBM models in this study
that similarly entrain to the local light cycle in mice. This leads
to the hypothesis that measuring daily rhythms in the host

(e.g., sleep-wake or cortisol) could be used to guide optimized
time of treatment for GBM.

How do brain cancers synchronize their daily rhythms to the
host? We find, for example, that circadian gene expression in
GBM xenografts adjusts to changes in the light cycle, synchro-
nizes to daily rest-activity patterns, and depends on the neuro-
peptide, VIP, and daily hormones, such as glucocorticoids.
One possibility is that SCN-driven signals dictate the internal
phase of clock gene expression by acting as timing cues to pe-
ripheral oscillators. Multiple signaling pathways, such as cal-
cium, cAMP, protein kinase A and C, VIP, glucocorticoids, and
others, have been implicated in the regulation of phases of pe-
ripheral oscillators,38:39:43:45:51.70-77

Among mammalian peripheral tissues, manipulation of
glucocorticoid signaling resets the phase of clock gene expres-
sionin the liver, heart, and kidney.*® For example, the glucocor-
ticoid receptor agonist DEX induces Per1 gene expression in
the liver, kidney, and rat primary hepatocytes, and downregu-
lates Reverba in liver tissues.*® Here we found that DEX treat-
ment shifts the phase of Per2 gene expression in human and
murine GBM cells in vitro, dependent on intact glucocorticoid
receptor signaling. We present evidence that reveals that daily
glucocorticoids synchronize daily rhythms in GBM tumors to
the host, maintaining reliable clock gene expression patterns
throughout the day. In the absence of glucocorticoid receptors
or by disruption of glucocorticoid rhythms (i.e., VIP KO), GBM
tumors sustain their daily rhythms, but Per2 gene expression
peaks at random times of day, suggesting that this peripheral
signal acts as a time giver for the tumor. Our findings support
a model whereby the master clock in the SCN regulates daily
rhythms in glucocorticoid secretion that then synchronize daily
clock gene expression in GBM tumors. Future studies should
explore the mechanisms underlying how glucocorticoids and
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other daily signals synchronize daily rhythms in GBM to
the host.

Beyond maintaining synchronized daily rhythms between the
tumor and the host, the circadian clock has been implicated in
GBM tumorigenesis. For example, the CLOCK-BMAL1 complex
promotes tumor angiogenesis and growth in GBM.”®"° Disrupt-
ing the circadian clock by downregulating BMAL1 and CLOCK
induces cell-cycle arrest and apoptosis in GBM stem cells.* In
humans, analysis of TCGA data revealed that high expression
of BMALT correlated with shorter patient survival times.** Alto-
gether, these data led us to ask whether synchronized circadian
rhythms drive GBM progression. We found that desynchronizing
daily rhythms in GBM tumors from the host’s clock by disrupting
glucocorticoid receptor signaling significantly reduced tumor
growth and slowed disease progression in vivo. Strikingly, tu-
mors implanted into arrhythmic VIP KO mice, which also de-
synchronize from the host’s central clock, fail to grow compared
to tumors implanted into WT mice. Together, our findings sug-
gest that synchronized circadian rhythms through glucocorticoid
receptor signaling drive GBM progression.

Because of the localization of GBM tumors and their sensitivity
to respond to peripheral signals, we do not exclude the possibil-
ity of other neural or non-neuronal signals acting as timing cues.
Further, it is possible that timing cues also regulate glioma pro-
gression dependent on time of day. A wealth of recent data
has presented evidence for a reciprocal crosstalk between gli-
omas and neurons in the tumor microenvironment that drives tu-
mor progression.?®~#® Neuronal activity has been found to pro-
mote glioma growth,®*4£5 while gliomas have been found to
remodel adjacent neuronal synapses to induce a state of brain
hyperactivity. %8548 This raises the possibility that neuron-
GBM communication synchronizes circadian rhythms in these
tumors and promotes growth at specific times of day. Because
neuronal activity and secretion of mitogens (i.e., neuroligin-3,
semaphorin-4F, ephrinA6, and ephrinA7) varies with time of
day,®"#"9" it is possible that activity-driven glioma growth de-
pends on circadian time. Outside of the brain, temperature,
and insulin/IGF in combination with glucose can act as timing
cues for many tissues.”"*>*> Whether these signals promote
daily GBM progression has not been studied. Future studies
could test the role of brain temperature rhythms, and daily
food intake and metabolism in tumor entrainment and growth.
Moreover, future studies could focus on whether GBM is more
sensitive to promitotic cues at specific times of day, if SCN
and clock-derived signals regulate glioma progression, and
whether neuron-GBM reciprocal crosstalk depends on circadian
time. Altogether, this line of research will provide insights into
how gliomas integrate into brain circuits, hijack its normal phys-
iology, and use daily cues to grow. These findings could be lever-
aged to identify new therapeutic targets that can slow GBM pro-
gression, while opening avenues for treatment optimization by
delivering therapies in accordance with a tumor’s circadian
rhythm.

The effects of DEX on GBM progression have remained
controversial due to studies demonstrating anti- and pro-prolif-
erative effects, depending on cell type, drug concentration and
experimental conditions. Strikingly, many of these studies used
the same GBM models and drug concentration but obtained
opposite effects. DEX mimics the effects of endogenous gluco-
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corticoids, a hormone secreted in a circadian fashion, by binding
to glucocorticoid receptors (GRs) and activating this signaling
pathway.®>% Non-concordance between previous studies
could be the result of omitting circadian time of treatment as a
biological variable underlying DEX effects on GBM progression.
We identified circadian time as an important variable explaining
the differential tumorigenic effects of DEX. These results suggest
circadian regulation of the tumor’s response to the synthetic
glucocorticoid and represent a striking example of how chrono-
therapy (when a drug is delivered relative to circadian time) may
differentially affect cancer outcomes.

Our findings have important implications for the use of DEX in
GBM patients. Recent findings have demonstrated the potential
benefits of circadian administration to maximize chemotherapy
efficacy and tumor death in GBM (i.e., chronotherapy).®%%°
While it has not been studied for GBM, chronotherapy using cor-
ticosteroids has yielded positive effects for diseases like multiple
sclerosis and rheumatoid arthritis.®*>°* Implementing a chrono-
therapeutic approach with DEX in the clinic may maximize its
anti-inflammatory benefits while minimizing unwanted side ef-
fects including GBM growth. Because DEX may have a long
half-life in brain (36-72 h),°® it will be important to consider
whether it or other corticosteroids, at specific times of day, asso-
ciate with improved outcomes. If there is an optimal time of day
for DEX to reduce edema and suppress tumor growth in patients,
incorporating chronotherapy into the standard of care for DEX
use in GBM patients requires no additional approvals or clinical
trials.

Chronotherapy, also referred to as circadian medicine or chro-
nomedicine, seeks to treat patients at the optimal time of day to
maximize health benefits and minimize side effects. This
approach has been shown to be effective in acute lymphoblastic
leukemia,”®°” colorectal,”® ovarian, other gynecological can-
cers,” and most recently GBM,®® but is neither the standard
of care nor carefully evaluated in many cancers. We recently
demonstrated that GBM cells and xenografts are more sensitive
to TMZ when it is delivered at the daily peak of Bmal1 clock gene
expression in vitro and in the morning in vivo.® Daily sensitivity to
TMZ is regulated by circadian expression of the DNA repair
enzyme MGMT, and inhibiting its expression abolishes the daily
rhythm in sensitivity to the drug.® In humans, timing TMZ to the
morning extended patient survival by 6 months, compared to
administering chemotherapy in the evening.® Here we found
that, unlike some cancer types, GBM sustains intrinsic circadian
rhythms that synchronize to the host and use daily clock-
controlled cues to grow. Further, these daily rhythms can be
leveraged to identify the best times of day to treat GBM tumors
with drugs like TMZ and DEX.

Chronotherapy also considers daily signals, such as light in the
morning and melatonin before sleep, as cues that synchronize a
patient’s daily rhythm. Previous findings show that tumor pro-
gression can be slowed by enhancing or inducing circadian
rhythmicity in the host or in cancer tissues, such as breast,'®
melanoma,’®" colon carcinoma,'®’ osteosarcoma,’®” and
pancreatic adenocarcinoma.’?® To critically evaluate the poten-
tial for chronotherapy in different cancers, we must consider how
daily rhythms arise and synchronize in specific tissues. Given
that about 80% of approved drugs in the United States hit tar-
gets known to rise and fall according to time of day and intrinsic
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circadian rhythms,'®*'% it is possible that many therapeutics

used to treat different cancers work best at specific times of
day. It will be important to understand how circadian rhythms
regulate tumor biology in a cell- and tissue-specific context.
Altogether, this highly tractable and translatable approach can
ultimately personalize patient care by determining when thera-
pies should be given to cancer patients, depending on their indi-
vidual circadian rhythms.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-Glucocorticoid Receptor Abcam Cat# ab183127, RRID: AB_2833234
Rabbit polyclonal anti-Ki67 Abcam Cat# ab15580, RRID: AB_443209
Donkey polyclonal anti-Rabbit IgG H&L (Alexa Fluor® 647) Abcam Cat# ab150075, RRID: AB_2752244

Bacterial and virus strains

XL10-Gold Ultracompetent Cells
Ef1a-luc

Agilent Technologies

GenTarget Inc.

Cat # 200315
Cat# LVP434

Human NR3C1 shRNA lentivirus Sigma Cat# SHCLNV, Clone ID TRCN0000245004
Target sequence: GTGTCACTGTTGGAGGTTATT
Human NR3C1 shRNA lentivirus Sigma Cat# SHCLNV, Clone ID TRCN0000245005
Target sequence: CACAGGCTTCAGGTATCTTAT
Mouse NR3C1 shRNA lentivirus Sigma Cat# SHCLNV, Clone ID TRCN0000238463
Target sequence: TGAGATTCGAATGACTTATAT
Mouse NR3C1 shRNA lentivirus Sigma Cat# SHCLNV, Clone ID TRCN0000238464
Target sequence: TGGATAAGTCCATGAGTATTG
Human ARNTL shRNA lentivirus Sigma Cat# SHCLNV, Clone ID TRCN0000019097
Target sequence: GCAGAATGTCATAGGCAAGTT
Human ARNTL shRNA lentivirus Sigma Cat# SHCLNV, Clone ID TRCN0000331014
Target sequence: CTTCTAGGCACATCGTGTTAT
Biological samples
Patient-derived xenograft B165 Dr. Albert Kim, N/A
Washington University
in St. Louis
Chemicals, peptides, and recombinant proteins
DAPI Solution (1 mg/mL) Thermo Scientific Cat# 62248
Corticosterone Sigma Cat# 27840
Hydrocortisone Sigma Cat# H0888
Dexamethasone Sigma Cat# D4902
Dexamethasone-Water Soluble Sigma Cat# D2915
D-Luciferin, Potassium Salt GoldBio Cat# LUC-10G
Polybrene Sigma Cat# TR-1003-G
Blasticidin Thermo Fisher Cat# AAJ67216XF
Puromycin Thermo Fisher Cat# ICN10055210

TRIzol reagent

Paraformaldehyde

Triton-X

ProLong Gold mounting medium with DAPI
iTagTM Universal SYBR® Green Supermix
Gibco RPMI-1640 medium, no glutamine
Gibco DMEM/F12 medium, GlutaMAX supplemented
Fetal bovine serum, certified, heat-inactivated
Gibco™ Penicillin-Streptomycin (10,000 U/mL)
Fugene 6

L-Glutamine

B-27

Heparin sodium salt from porcine
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Thermo Fisher
Sigma

VWR

Thermo Fisher
Bio-Rad
Thermo Fisher
Thermo Fisher
Thermo Fisher
Fisher Scientific
Fisher Scientific
Fisher Scientific
Thermo Fisher
Sigma

Cat# 15-596-026
Cat# 441-244
Cat# EM-TX1568-1
Cat# P36962

Cat# #1725120
Cat# 21-870-076
Cat# 10-565-018
Cat# 10082-147
Cat# 15-140-122
Cat# PRE2691
Cat# 25-030-081
Cat# 17504-044
Cat# H3149-25KU
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Human FGF-basic (FGF-2/bFGF) (aa 1-155)
Recombinant Protein

Gibco™ Human EGF Recombinant Protein
TrypLE™ Express Enzyme
Phosphate-buffered saline (PBS)
Albumin from bovine serum, 99% (BSA)
Ethanol

Methanol

Isoflurane solution
2,2,2-Thibromoethanol (Avertin)
D-Sucrose

Tissue-Tek O.C.T

D- Glucose

KLOO1

KS15

Thermo Fisher

Fisher Scientific
Thermo Fisher
Sigma

Sigma

VWR

Fisher Scientific
Covertus

Fisher Scientific
Fisher Scientific
Electron Microscopy science
Thermo Fisher
Sigma
MedChemExpress

Cat# PHG 0261

Cat# PHG 0311
Cat# 12-605-010
Cat# 806-552
Cat# A3059-50G
Cat# 71003-544
Cat# A456-500
Cat# 1169-5067-772
Cat# AC 42143
Cat# BP 220-1
Cat# 62550-12
Cat# 150-23-021
Cat# SML1032
Cat# HY-115672

Critical commercial assays

Corticosterone ELISA Kit, strip wells

Lenti-X™ GoStix™ Plus

Direct-zol RNA MiniPrep Plus kit

SuperScript® Il First-Strand Synthesis System

Cayman Chemical
Takara

Zymo

Thermo Fisher

Cat# 501320
Cat# 631280
Cat# R2071
Cat# 12574026

Deposited data

Raw and analyzed data This paper -
Experimental models: Cell lines
Hek293T/17 cells ATCC Cat# CRL-11268
GL261 Division of Cancer Treatment N/A
and Diagnosis Tumor
Repository of the National
Cancer Institute
NF17"DNp53 Dr. Josh Rubin, Washington N/A
University in St. Louis
LN229 ATCC Cat# CRL-2611
Experimental models: Organisms/strains
C57BL/6NJ Jackson Laboratory Strain #005304
RRID:IMSR_JAX:005304
NCr-Foxn1™ (nude mice) Taconic NCRNU
RRID:IMSR_TAC:NCRNU
VIP KO Dr. James Waschek, UCLA N/A
Oligonucleotides
Primer: mouse NR3C1 Forward IDT N/A
Target sequence: CAA AGA TTG CAG GTA TCC TAT GAA
Primer: mouse NR3C1 Reverse IDT N/A
Target sequence: TGG CTC TTC AGA CCT TCC TT
Primer: human NR3C1 Forward IDT N/A
Target sequence: TATCCTCTGCCTCCCATTCT
Primer: human NR3C1 Reverse IDT N/A
Target sequence: CACCTTCCTGTCTCCTGTTTAC
Primer: human Bmal1 Forward IDT N/A
Target sequence: CCACGGTGGTGCTGGCTAGAG
Primer: human Bmal1 Reverse IDT N/A

Target sequence: TCTTCCAAAAACCACAGTGCCCG

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer: mouse GAPDH Forward IDT N/A

Target sequence: GGCAAATTCAACGGCACAGT

Primer: mouse GAPDH Reverse IDT N/A

Target sequence: AGATGGTGATGGGCTTCCC

Primer: human GAPDH Forward IDT N/A

Target sequence: ATGGGGAAGGTGAAGGTCG

Primer: human GAPDH Reverse IDT N/A

Target sequence: GGGGTCATTGATGGCAACAATA

Recombinant DNA

Bmali-luc plasmid Dr. Andrew Liu, University N/A
of Florida

Per2-luc plasmid Dr. Andrew Liu, University N/A

Packaging plasmid psPAX2
Packaging plasmid pMD2.G

of Florida
Addgene
Addgene

Cat# 12260, RRID: Addgene_12260
Cat# 12259, RRID: Addgene_12259

Software and algorithms

ImagedJ
FIJI
ChronoStar 1.0

Living Image Software

Lumicycle in vivo

ClockLab

JTK cycle

GraphPad Prism (version 10.2.0)

Obtained from the Kramer Lab

Perkin Elmer

Actimetrics
Actimetrics
Dr. Michael Hughes, Washington

University in St. Louis
GraphPad

https://imagej.nih.gov/ij/
https://imagej.net/software/fiji/

https://www.achim-kramer-lab.de/
downloads.html
https://resources.perkinelmer.com/
corporate/content/Ist_software_
downloads/living_image_4.5_
installation_licensing_guide.pdf
https://actimetrics.com/
downloads/lumicycle/
https://actimetrics.com/
products/clocklab/
https://openwetware.org/
wiki/File:JTKversion3.zip
https://www.graphpad.com/

Other

Thermo Scientific Nunc EasYFlask 75cm2, treated
Corning Costar Cell Culture Plates 3516, 6-well

CELLTREAT Scientific Products PES
Syringe Filter, 0.45m, 30mm, Sterile

100mm Falcon Bacteriological Petri Dishes with Lid
Thermo Scientific Nunc EasYFlask 75cm2, treated

35mm BD Falcon petri dishes with lid
Photon counting head (PMTs)

Thermo Fisher
Fisher Scientific
Fisher Scientific

Thermo Fisher
Thermo Fisher

Fisher Scientific
Hamamatsu Photonics

Cat# 12-565-349
Cat# 07-200-83
Cat# 50-202-064

Cat# 08-757-100D
Cat# 12-565-351
Cat# 08-757-100A
Cat# H9319-11

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Glioblastoma cell culture
GL261

Glioma 261 (GL261, obtained from the Division of Cancer Treatment and Diagnosis Tumor Repository of the National Cancer Insti-
tute), a male murine model of GBM, were cultured in monolayer in coated T-75 flasks (Nunc Treated EasYFlasks, Fisher) using RPMI-
1640 media (Sigma-Aldrich), supplemented with 10% FBS (Fisher), 1% L-Glutamine (Thermo Fisher), and 1% Pen/Strep (Thermo
Fisher). Cells were grown in a 37°C incubator with a 5% CO2 environment. Passage number in all experiments ranged from four

to eight.
NF17/-DNp53

Nf1”"DNp53 male astrocytes (generous gift of Dr. Josh Rubin), a murine model of GBM, ' were cultured in monolayer in coated T-75
flasks (Nunc Treated EasYFlasks, Fisher) using 10mL DMEM/F12 media (Gibco), supplemented with 10% FBS (Fisher) and 1% Pen/
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Strep (Thermo Fisher). Cells were grown in a 37°C incubator with a 5% CO2 environment. Passage number in all experiments ranged
from four to eight.

B165

Human B165 (MGMT methylated, male), generous gift of Dr. Albert Kim, were cultured as spheres in 100mm uncoated petri dishes
(Fisher) using 3mL DMEM/F12 Glutamax media (Gibco), supplemented with 1% Pen/Strep (Thermo Fisher), 2% B-27 (Miltenyi Bio-
tec), 25ug/10mL Heparin (Sigma-Aldrich), 20ug/100ml EGF (Pepro Tech), and 2ug/100ml bFGF (Pepro Tech). Cells were grown in a
37°C incubator with a 5% CO2 environment. Passage number in all experiments ranged from six to ten.

LN229

LN229 (American Type Culture Collection), a female human cell line, were cultured in monolayer in coated T-75 flasks (Nunc Treated
EasYFlasks, Fisher) using 10mL DMEM media (Gibco), supplemented with 5% FBS (Fisher), and 1% Pen/Strep (Thermo Fisher). Cells
were grown in a 37°C incubator with a 5% CO2 environment. Passage number at implant ranged from four to eight.

Animals

C57BL/6NJ

10-week-old immunocompetent male and female C57BL/6NJ (The Jackson Laboratory, Strain #000664) mice were used in all ex-
periments for orthotopic xenografting of murine GBM cells. Mice were singly housed in standard 12 h light/12 h dark conditions in
individual wheel-cages to record locomotor activity in one-minute bins. After surgery, mice were monitored and treated with anal-
gesic for three days. For some experiments, light schedules were shifted to a reversed 12h:12h dark/light, or to constant darkness
(DD). At the end of all experiments, or when subjects lost 10% body weight from start to end of the experiment, mice were sacri-
ficed in accordance with IACUC protocols and brain tissue was collected for subsequent analysis. Animal protocol number:
#23-0105.

CrTac:Ncr-Foxn1nu10

10-week-old immunocompromised male and female CrTac:Ncr-Foxninu (Taconic, Strain #NCRNU) mice were used in all ex-
periments for orthotopic xenografting of human and primary GBM cells. Mice were singly housed in standard 12 h light/12 h
dark conditions in individual wheel-cages to record locomotor activity in one-minute bins. After surgery, mice were monitored
and treated with analgesic for three days. For some experiments, light schedules were shifted to a reversed 12h:12h dark/
light, or to constant darkness (DD). At the end of all experiments, or when subjects lost 10% body weight from start to end
of the experiment, mice were sacrificed in accordance with IACUC protocols and brain tissue was collected for subsequent
analysis.

VIP KO

10-week-old immunocompetent male and female VIP KO (obtained from: Dr. James Waschek, UCLA) mice were used in experiments
for orthotopic xenografting of human and primary GBM cells. Mice were singly housed in constant darkness conditions in individual
wheel-cages to record locomotor activity in one-minute bins. After surgery, mice were monitored and treated with analgesic for three
days. At the end of all experiments, or when subjects lost 10% body weight from start to end of the experiment, mice were sacrificed
in accordance with IACUC protocols and brain tissue was collected for subsequent analysis.

METHOD DETAILS

Experimental cell culture

GBM cells were grown to confluence (passage no. < 10) in supplemented media conditions mentioned in the “experimental model
and study participant details” section, grown in a 37°C incubator with a 5% CO2 environment. Confluent cultures were kept for up to
4 weeks with media refreshed every 3-5 days. Once cultures reached 80% confluence, cells were split using TrypLE™ Express
Enzyme (1X) (Gibco), centrifuged for 4 minutes at 0.4 RCF, diluted, and replated at a lower confluence in new cell culture flasks.
Before the start of each experiment, cells were synchronized by changing culture media to a serum-free, supplemented with B27
(Thermo Fisher) “Air Media” (Bicarbonate-free, DMEM, 5mg/mL glucose, 0.35 mg/mL sodium bicarbonate, 0.01 M HEPES,
2 ng/mL pen/strep, 1% Glutamax, 1 mM luciferin, pH 7.4, 350 mOsm; adapted from Hastings et al., 2005),"'%” and dishes were sealed
with sterile vacuum grease.

Circadian luciferase lentivirus production

Lentiviral reporters expressing firefly luciferase driven by the mouse Bmal1 (Bmal1-luc) (previously described in Liu et al., 200
Zhang et al., 2009)'%° or Period2 (Per2-luc) (previously described in Ramanathan et al., 2012)"'° promoters were generated in the
laboratory using plasmids (gift from Dr. Andrew Liu, University of Memphis) and packaging plasmids psPAX2 and pMD2.G (gift
from Didier Trono (Addgene plasmid # 12260 and 12259; RRID:Addgene_12260 and 12259)). Hek293T/17 cells (ATCC) were plated
at 3 million cells per 100 mm dish in complete DMEM media with 10% FBS (Thermo Fisher) and 5% Pen/Strep (Thermo Fisher) ina 5%
CO, incubator for 24-30 hours. Before transfection, media was changed to DMEM with 5% FBS (Fisher) without any antibiotics. For
transfection, cells were incubated with Fugene 6 (Promega) and plasmids for 12 hours, then changed to complete media. Viral par-
ticles in media were collected after 48 and 72 hours, centrifuged (RT, 3 min at 0.4 rcf) and filtered through a PES 0.45 um filter (Fisher).
The presence of viral particles was confirmed with Lenti-X GoStix Plus test (Takara).

A
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Lentiviral transductions

Luciferase reporters for Bmal1, Per2, & Ef1a

GBM cells were transduced with lentiviral reporters expressing firefly luciferase driven by the mouse Bmal1 (Bmal1-luc), Period2
(Per2-luc), or Ef1a (Ef1a-luc, obtained from GenTarget Inc.). Cells were grown in T-25cm? flasks for 24h and incubated for 10 minutes
at 37°C in 3mL complete DMEM media with 10% FBS (Thermo Fisher), 5% Pen/Strep (Thermo Fisher), and 15ug polybrene (Millipore
#TR-1003-G). Following incubation, 500uL of virus stock solution was added to each culture. Media was changed after 24 h at 37°C.
Infected cells were selected using blasticidin (1.25 ng/mL, Thermo Fisher). Luciferase expression was confirmed by recording biolu-
minescence in vitro.

Glucocorticoid receptor knockdown

To knockdown NR3C1 (GR) in LN229 and GL261 cells, two predesigned shRNA plasmids packaged into a lentivirus (vector pLKO.1)
were obtained from Sigma Aldrich (Target sequences are listed in the key resources table). Cells were grown in T-25cm? flasks for 24h
and incubated for 10 minutes at 37°C in 3mL complete DMEM media with 10% FBS (Thermo Fisher), 5% Pen/Strep (Thermo Fisher),
and 15ug polybrene (Millipore #TR-1003-G). Following incubation, 10uL of virus stock solution was added to each culture. Media was
changed after 24 h and cells were kept at 37°C, 5% CO2. Infected cells were selected using puromycin (1.5 pg/mL, Thermo Fisher) for
10 days. Knockdown efficiency was quantified by gPCR and immunocytochemistry. Two lentiviral constructs were independently
tested.

Bmal1 knockdown

To knockdown Bmal1 in LN229 cells, two predesigned shRNA plasmids packaged into a lentivirus (vector pLKO.1) were obtained
from Sigma Aldrich (Target sequences are listed in the key resources table). Cells were grown in T-25cm? flasks for 24h and incubated
for 10 minutes at 37°C in 3mL complete DMEM media with 10% FBS (Thermo Fisher), 5% Pen/Strep (Thermo Fisher), and 15ug poly-
brene (Millipore #TR-1003-G). Following incubation, 5-10uL of virus stock solution was added to each culture. Media was changed
after 24 h and cells were kept at 37°C, 5% CO2. Infected cells were selected using puromycin (1.5 pg/mL, Thermo Fisher) for 10 days.
Knockdown efficiency was quantified by gPCR and by recording Per2-luc bioluminescence in vitro. Two lentiviral constructs were
independently tested.

Bioluminescence recordings in vitro

Cells were plated in 35 mm (BD Falcon, Fisher) petri dishes, synchronized by a media change, supplemented with 1mL of serum-free,
B27 containing “Air DMEM media” containing 0.1mM D-luciferin (Goldbio), sealed with vacuum grease, and placed in a light-tight
36°C incubator containing photo-multiplier tubes (PMTs) (Hamamatsu Photonics). Each dish was placed under one PMT and biolu-
minescence was recorded as photons per 180 seconds.

Quantitative real-time PCR (qRT-PCR)

RNA was extracted from 500,000 cultured GBM cells using TRIzol reagent (Thermo Fisher). In some experiments, RNA was collected
every 4 hours for a period of 48 hours. RNA was purified using the Direct-zol RNA MiniPrep Plus kit (Zymo) and cDNA was generated
by RT-PCR using SuperScript® Il First-Strand Synthesis System (Thermo Fisher). Gene expression changes were further probed
using iTagTM Universal SYBR® Green Supermix (Bio-Rad). The primer sequences for qRT-PCR are listed in the key resources table.
PCR amplification was carried out at 40 cycles with 100ng of template DNA in triplicates. Protocol is as follows: Cycle 1: 95 °C for
3 min; Cycle 2: 95 °C for 30 s; Cycle 3: 60 °C for 30 s; repeat step 2-3 for 39 more times; Cycle 4: 72 °C for 1 min. Negative controls
included no reverse transcriptase reactions and no template DNA samples. All procedures were done in triplicate in two biological
replicates.

Immunocytochemistry

Cells were fixed using 4% PFA for 10 minutes, permeabilized for 30 min with 3% Triton-X (Millipore Sigma) in 1x PBS, and blocked for
1 hours with solution containing 10% BSA (Sigma) and 0.3% Triton-X. Primary antibodies were diluted in 2% blocking solution and
incubated overnight at 4°C. Samples were then rinsed three times with 1x PBS and incubated in secondary antibody solution in 2%
blocking solution for 1 hour at RT. Samples were rinsed 3 times in PBS, stained with ProLong Gold mounting medium with DAPI (Life
Technologies, Carlsbad, CA), and stored in darkness at 4°C until imaging. Microscopy analysis was performed using ImagedJ soft-
ware. All antibodies and reagents used are listed in the key resources table.

In vitro glucocorticoid entrainment assays

To assess whether glucocorticoids shift Per2 expression in vitro, GBM-P2L cells were plated as previously described for biolumines-
cence recordings in vitro. After at least 24h of recording, cells were acutely treated with 100nM Dexamethasone or vehicle (0.001%
Ethanol), and bioluminescence was recorded for at least 2 days post-treatment. Bioluminescence data was detrended with a 24-hour
moving average and analyzed in ChronoStar 1.0.

To assess if glucocorticoids entrain Per2 expression, GBM-P2L cells were plated as previously described for bioluminescence re-
cordings in vitro. After at least 24 hours of recording, cells were treated with 100uM Corticosterone or Cortisol, for murine or human
cells, respectively, or vehicle (0.001% Ethanol). Glucocorticoids were given chronically for 3 days at the same time of day. Biolumi-
nescence was continuously recorded for at least 2 days post-treatment. Bioluminescence data was detrended with a 24-hour moving
average and analyzed in ChronoStar 1.0.
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In vitro cell growth assays and pharmacology

We calculated total cell number by labeling cells with DAPI and measuring fluorescence at 405nm. Cells were seeded in 6-well plates
at the same cell density (100,000 cells/well) and kept on an incubator for 48h to allow for cell growth. To assess intrinsic growth of
GBM cells, individual cell culture plates were fixed with cold methanol and stained with 2ug/mL DAPI at either 24, 48, or 72h post-
plating. To assess whether glucocorticoids promote GBM growth, cells were treated 48h post-plating with 100nM Dexamethasone
(for human and murine cells), 100uM Cortisol (only for human cells), 100uM Corticosterone (only for murine cells), or vehicle (0.001%
Ethanol for DEX cultures; water for Cortisol or Corticosterone). To assess whether glucocorticoids promote GBM growth at specific
times of day and dependent on the circadian clock, cells were treated at two different time points with 100nM Dexamethasone in
combination with either a Cryptochrome agonist (KLOO1, 1uM) or inhibitor (KS15, 1uM). In all experiments, cells were fixed 72h
post-treatment with cold methanol and stained with 4’,6-diamidino-2-phenylindole (DAPI, 2 ng/mL). DAPI fluorescence was quan-
tified with the Infinite 200 PRO plate reader (V_3.37_07/12_Infinite, Tecan Lifesciences).

Orthotopic xenografting

200,000 GBM cells were stereotactically implanted into the right caudate putamen (coordinates: Bregma, 2mm right laterally, 3mm
ventral) of 10-week-old male and female NCr-Foxn1nu (Taconic Biosciences, Strain #NCRNU) for human models, C57BL/6NJ (The
Jackson Laboratory, Strain #005304) for murine models, or VIP KO mice for murine models. After surgery, mice were housed in in-
dividual cages, monitored, and treated with analgesic for three days post-implant. Mice were allowed to recover and cells to engraft
for 7 days before performing in vivo bioluminescence imaging to measure tumor size or daily rhythms in clock gene expression.

In vivo bioluminescence imaging

Mice were housed in standard 12 h light/12 h dark, reversed 12h dark/ 12 h light, or constant darkness (DD) conditions in wheel-
cages to record locomotor activity in one-minute bins. Following orthotopic xenografting, tumor size was consistently measured
at 1:00 p.m. by anesthetizing mice with 2% isoflurane, subcutaneously injecting them with 15 mg/mL of D-luciferin, allowing
10 min for it to access the brain, and imaging bioluminescence with 5 min exposure time. To measure daily clock gene expression
in GBM xenografts, imaging was performed as described every 4h for 36h. All imaging was performed using an In Vivo Imaging Sys-
tem Lumina Il (IVIS, Perkin Elmer). Bioluminescence images were analyzed using Living Image Software (Perkin Elmer).

For long-term recordings of daily clock gene expression, mice were individually placed in constant darkness in a light tight box
containing two photomultiplier tubes (PMT, Hamamatsu H8259-01, Lumicycle /In Vivo, Actimetrics). Mice received luciferin in their
water (10 mM, Gold Biotechnology) ad libitum over the 2 days of recording. This method allowed for recording of Per2 or Bmal1 lucif-
erase expression in freely moving mice. Animals were checked daily to ensure that they had adequate food and water.

Dexamethasone gavage in vivo

We prepared a fresh 25 mg/mL stock of water-soluble DEX (Sigma-Aldrich) each day approximately 10 min prior to the time of dosing
(i.e., AM and PM). At the time of gavage, DEX was administered based on mouse weight to achieve a dose of 0.5 mg/kg. For gavage,
mice were briefly anesthetized with 2% isoflurane and received between 100-200uL solution depending on mouse weight. DEX or
vehicle was administered at either ZT4 (morning) or ZT12 (evening) for 6 consecutive days after tumor growth was established at
11 days post-implant. Total dose for mice receiving DEX equaled 3 mg/kg in all treatment groups. Treatment groups are as follows:

(1) DEX AM: Mice received 0.5 mg/kg DEX at ZT4 and vehicle at ZT12 for 6 consecutive days.
(2) DEX PM: Mice received vehicle at ZT4 and 0.5 mg/kg DEX at ZT12 for 6 consecutive days.
(3) Vehicle: Mice received vehicle at both ZT4 and ZT12 for 6 consecutive days.

Body weight measurements and survival

To assess tumor burden and disease progression, mice were weighed daily starting on the day of implant. At the end of the exper-
iments, or when mice lost 10% of their body weight from 1' day of tumor implant, these were sacrificed in accordance with IACUC
protocols. For tissue collection, Mice were anesthetized with intraperitoneal Avertin (tribromoethanol), then transcardially perfused
with 10mL of PBS followed by 10mL of 4% paraformaldehyde (PFA).

Locomotor activity recording

Mice were singly housed in standard 12 h light/12 h dark, reversed 12h dark/ 12 h light, or constant darkness (DD) conditions in wheel-
cages to record locomotor activity in one-minute bins. Wheel-running activity was continuously recorded for 2 weeks before tumor
implant to allow for mouse habituation to new cages and single housing, and throughout the end of each experiment.

Fecal corticosterone analysis

Mice were placed in custom-built collectors, maintained in a temperature-, humidity-, and light-controlled chamber with food and
water provided ad libitum to allow for non-invasive measurement of fecal corticosterone from individual mice, a validated method
for measuring circadian rhythms in corticosterone release. Mice were allowed to habituate in the cages for at least 7 days before
beginning fecal pellet collection. Fecal pellets were collected every hour for a total of 28h. We next removed the collected fecal pellets
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from the dish, placed them into individual tubes, and baked them at 62°C until completely dry, typically 2-3 days. Timepoints were
binned into 4-hour groups for further processing, and the resultant samples were grounded into a fine powder using a mortar and
pestle. We weighed out 20 mg of each sample, added 1 mL of 80% methanol, and agitated for 40 min to extract steroids. After centri-
fuging, supernatant was transferred to new tubes and placed in a fume hood until methanol fully evaporated (~7 days). Dried samples
were resuspended in 200 pL enzyme-linked immunosorbent assay (ELISA) buffer (Cayman Chemical, Ann Arbor, Ml) and then diluted
1:50 in ELISA buffer. We processed the samples in triplicate for corticosterone concentration using the instructions in the ELISA kit
(Corticosterone ELISA Kit, Cayman Chemical). Absorbance values were measured using a microplate reader at 415 nm (iMark;
BioRad, Hercules, CA) and final corticosterone concentrations (in pg/mL) were determined based on the standard curve and dilution
factor.

Immunohistochemistry

Brains were collected and fixed in 4% PFA overnight at 4°C, then transferred to a sucrose gradient for cryoprotection. Brains were
embedded in Tissue-Tek O.C.T. and sectioned in the coronal plane at 40um using a sliding microtome. Slices were then permeabi-
lized for 30 min with 3% Triton-X in 1x PBS, and blocked for 1 hour with solution containing 10% BSA and 0.3% Triton-X. Primary
antibodies were diluted in 2% blocking solution and incubated overnight at 4°C. Sections were then rinsed three times with 1x PBS
and incubated in secondary antibody solution in 2% blocking solution for 2 hours at RT. Sections were rinsed 3 times in PBS,
mounted with ProLong Gold mounting medium with DAPI (Life Technologies, Carlsbad, CA), and stored in darkness at 4°C until im-
aging. Microscopy analysis was performed using ImagedJ software. All antibodies and reagents used are listed in the key re-
sources table.

Analysis of NR3C1 mRNA gene expression in The Cancer Genome Atlas (TCGA) GBM

We accessed the TCGA GBM cohort for mRNA gene expression data (on the microarray platform HG-UG133A) and patient clinical
and survival data from the Gliovis data portal (http://gliovis.bioinfo.cnio.es/). IDH mutant GBM tumors were excluded from all
analyses. The NR3C1 mRNA gene expression level was extracted. A violin plot was generated to visualize NR3C1 expression level
between GBM tumors (N=498) and non-tumor normal samples (N=10) and Wilcoxon rank sum test was applied to compare the
expression difference. To further investigate the impact of NR3C1 on patient survival accounting for covariates in the GBM patients
(N=271 after omitting cases with missing data in MGMT methylation), we fit a Cox proportional hazard model on patients’ overall sur-
vival with NR3C1 (in continuous logarithm scale), with incorporation of known risk factors available in the TCGA GBM cohort,
including age (continuous scale), sex (male vs. female), subtype (classical, proneural, mesenchymal), and MGMT (O6-methylgua-
nine-DNA methyltransferase) promoter methylation status (unmethylated vs. methylated). Graphical examination of the scaled
Schoenfeld residuals support the proportionality assumption of the Cox model.

QUANTIFICATION AND STATISTICAL ANALYSIS

Circadian analyses

The correlation coefficient (CC) of a best-fit circadian cosine function was calculated using ChronoStar 1.0 to assess circadian rhyth-
micity in GBM cells. CC values above 0.7 were circadian and are reported in figure legends and text. For in vivo bioluminescence
data, JTK cycle was used to assess circadian rhythmicity, and p value is reported in figure legends and text. A level of p < 0.05
was used to designate circadian rhythmicity.

Statistics

Data are presented as mean+SEM. To calculate synchronization index (Sl) based on Raleigh circular statistics, we used the time of daily
peak Per2 expression from the GBM xenograft of each individual mouse. A Sl of 1.0 indicates that Per2 expression in GBM xenografts
peaked at the same time of day across all mice and a Sl of 0.0 indicates they peaked at random times. Statistical significance of mean
differences was determined by either i) Student’s t tests; ii) one-way analysis of variance (one-way ANOVA) with multiple comparisons
test; or iii) two-way analysis of variance (two-way ANOVA) with multiple comparisons test. The sample size (n), statistical analysis, and
multiple comparisons test used is reported within the figures or legends for each experiment. A level of p < 0.05 was used to
designate significant differences. P-values are reported using the following symbolic representation: ns = p > 0.05, * = p < 0.05,
**=p < 0.01,”™ =p < 0.001, ™ =p < 0.0001. All the statistical analyses were performed using GraphPad Prism (version 10.3.1).
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