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The thermogenic activity of adjacent adipocytes
fuels the progression of ccRCC and compromises

anti-tumor therapeutic efficacy
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In brief

Wei et al. report that bi-directional
communication between ccRCC tumor
cells and adjacent perinephric adipose
tissue promotes the browning of the latter
and the growth, invasion, and metastasis
of the former. They reveal that
combination treatment with the tyrosine
kinase inhibitor sunitinib and a
thermogenic inhibitor (H89 or KT5720)
synergistically augments anti-tumor
activity.
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The thermogenic activity of adjacent
adipocytes fuels the progression of ccRCC
and compromises anti-tumor therapeutic efficacy
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SUMMARY

Clear cell renal cell carcinoma (ccRCC) preferentially invades into perinephric adipose tissue (PAT), a process
associated with poor prognosis. However, the detailed mechanisms underlying this interaction remain
elusive. Here, we describe a bi-directional communication between ccRCC cells and the PAT. We found
that ccRCC cells secrete parathyroid-hormone-related protein (PTHrP) to promote the browning of PAT by
PKA activation, while PAT-mediated thermogenesis results in the release of excess lactate to enhance
ccRCC growth, invasion, and metastasis. Further, tyrosine kinase inhibitors (TKls) extensively used in the
treatment of ccRCC enhanced this vicious cycle of ccRCC-PAT communication by promoting the browning
of PAT. However, if this cross-communication was short circuited by the pharmacological suppression of
adipocyte browning via H89 or KT5720, the anti-tumor efficacy of the TKI, sunitinib, was enhanced. These
results suggest that ccRCC-PAT cross-communication has important clinical relevance, and use of com-

bined therapy holds great promise in enhancing the efficacy of TKis.

INTRODUCTION

Renal cell carcinoma (RCC) is a frequently lethal malignancy
that accounts for more than 2% of all adult cancers (Zarrabi
et al., 2017). Based on histological and cytogenetic signatures,
80% of RCC is subcategorized as clear cell renal cell carci-
noma (ccRCC) (Zarrabi et al., 2017; Xu and Wu, 2015). Peri-
nephric adipose tissue (PAT) is a type of white adipose tissue
(WAT) found between the renal fascia and renal capsule, which
surrounds the kidney and supports its function (Okhunov et al.,
2012). During tumorigenesis, ccRCC cells can infiltrate through
the kidney capsule and into the PAT (Bedke et al., 2009), a
process associated with poor prognosis (Shah et al., 2019).
However, the detailed mechanisms behind these findings
remain elusive.

Gheck for
Updates

Cancers can drive the metabolic reprogramming of adjacent
non-cancerous cells (Fiaschi et al., 2012) to provide the addi-
tional energetic substrates and metabolites needed for rapid tu-
mor growth. Although PAT is a key component of the renal tumor
microenvironment, the interplay between ccRCC and PAT have
not been well studied, which may be crucial for ccRCC growth
and metastasis.

There is increasing evidence that several kinds of cancers
drive WAT browning (Huang et al., 2016). WAT browning is typi-
cally marked by upregulated expression of uncoupling protein 1
(UCP1) and by mitochondrial biogenesis, which also enhance
the cellular metabolism of adipocytes and the metabolites
released by them (Petruzzelli et al., 2014). However, whether
ccRCC could promote the browning of adjacent adipocytes in
PAT and the putative PAT browning could contribute to ccRCC
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Figure 1. ccRCC tumor-derived PTHrP promotes PAT adipocyte browning
(A) Schematic diagram of ccRCC tumor and fat adherent to the tumor (adjacent) or farther away (>5 cm) from the tumor (distal). Subcutaneous fat (Sub) serves as a

control.
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(B) Representative images of H&E- (top row) (10 images per 5 biological replicates for each group) and IHC-stained (with an anti-UCP1 antibody) (bottom row) (10
images per 5 biological replicates for each group) sections of tumor-adjacent fat, distal fat, and sub fat. Scale bar, 50 pm.
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growth and metastasis remain elusive. Tyrosine kinase inhibitors
(TKIs) are widely used in the treatment of ccRCC (Tsao et al.,
2017; Rini and Atkins, 2009). Yet there is evidence indicating
that the therapeutic efficacy of TKls is compromised under
some conditions (Rini and Atkins, 2009). So far, the widely
accepted view is that impaired TKI efficacy owes to the reestab-
lishment of tumor neo-vascularization triggered via redundant
VEGFR-dependent and -independent pathways (De Palma
et al., 2017). However, other factors limiting TKI efficacy are still
underappreciated. Whether and how TKiIs affect the communi-
cation between ccRCCs and adjacent adipocytes is still unclear
and is an important question in ccRCC-related therapies.

In this study, we compared WAT samples surrounding human
ccRCCs and found evidence of marked browning in this tissue.
Consequently, we delineated in detail a bi-directional communi-
cation between ccRCCs and PAT, revealing a tumor-supportive
role of adjacent beige adipocytes in the ccRCC tumor microen-
vironment (TME). Intriguingly, we found that widely used TKls
strengthened adipocyte browning, which in turn promoted tumor
growth, invasion, and metastasis, thus providing a mechanism to
explain the decreased TKI efficacy in certain clinical situations.

RESULTS

PAT specimens adjacent to ccRCCs show evidence of
browning

We collected clinical adipose tissue specimens (PAT and subcu-
taneous WAT) from individuals with ccRCC, and we categorized
these samples in three ways: adipose tissue adherent to the tu-
mor (adjacent), adipose tissue more than 5 cm from the tumor
site (distal), and subcutaneous adipose tissue (sub) (Figure 1A).
We stained these samples by hematoxylin and eosin (H&E) and
found that adipocytes in adjacent fat were smaller than adipo-
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cytes in distal fat samples from the same individuals (Figures
1B and S1A). Moreover, we performed immunohistochemistry
and immunofluorescence staining and found that tumor-adja-
cent adipocytes had higher expression of uncoupling protein 1
(UCP1) than adipocytes in distal fat (Figures 1B, 1C, and S1B).
We also found that the upregulated UCP1 fluorescence in tu-
mor-adjacent adipocytes overlapped well with the adipocyte-
specific marker Perilipin1 (Figure 1C), further confirming that
the PAT adherent to the ccRCCs underwent a browning process.
With broader analysis of gene expression, we found that mul-
tiple browning markers were greater in adjacent versus distal fat,
including UCP1 (Figure 1D), as well as PGC1«, CIDE«, DIO,, and
TBX1 (Figures S1C-S1F). In contrast, the mRNA abundances of
the white adipose markers LEPTIN and SHOX2 were lower in
adjacent fat compared with distal fat (Figures S1G and S1H),
while the expression of the pan-adipocyte marker FABP4 was
equivalent in both fat samples (Figure S1l). We also found that
the copy number of mitochondrial DNA in adjacent fat was signif-
icantly higher than that in distal fat (p < 0.05) (Figure S1J).

ccRCC-secreted PTHrP promotes browning of the
adjacent PAT

To determine whether ccRCC induces browning of the PAT, we
collected culture media from two ccRCC cell lines (786-O and
RCC10) and one normal renal cell line (HK2), which we used to
treat white adipocytes differentiated from C3H10T1/2 cells or
primary pre-adipocytes isolated from subcutaneous WAT (Fig-
ure S1K). The expression levels of genes involved in browning,
including Ucp1, Pgc1a, and Dio,, were remarkably higher in mu-
rine adipocytes (differentiated C3H10T1/2) treated with ccRCC
cell conditioned medium (CM) than in those treated with media
from HK2 cells (Figures 1E and S1L). Further, we confirmed
that ccRCC cell CM increased the abundance of UCP1 and other

(C) Immunofluorescent detection of UCP1 and Perilipin1 in tumor-adjacent, distal, and sub fat of individuals with ccRCC (10 images per 5 biological replicates for
each group). Scale bar, 50 um.

(D) mRNA levels of UCP1 in 54 paired adjacent and distal fat samples from individuals with ccRCC (1 technical replicate of 54 biological replicates per group).
(E) Expression levels of pan-adipocyte markers and browning-related genes in differentiated C3H10T1/2 cells after treatment with the CM from HK2, RCC10, or
786-0 cells for 24 h (1 technical replicate of 4 biological replicates per group).

(F) Immunoblots of UCP1 and mitochondrial proteins in differentiated C3H10T1/2 cell treatment with the CM from HK2, RCC10, or 786-0O cells for 24 h (n = 3;
representative of 3 biological replicates per group).

(G) mRNA levels of PTHLH in normal study participants (n = 72) or individuals with ccRCC (grade 1, n = 14; grade 2, n = 229; grade 3, n = 206; and grade 4, n = 76)
according to TCGA database.

(H) The association of PTHLH mRNA levels and the survival rate of individuals with ccRCC, based on TCGA database.

() PTHLH mRNA levels in HK2, RCC10, and 786-0 cells (1 technical replicate of 4 biological replicates per group).

(J) PTHLH mRNA levels in paired normal and ccRCC samples (1 technical replicate of 28 biological replicates per group).

(K) Immunoblots of UCP1 in differentiated C3H10T1/2 cells after treatment with indicated concentrations of PTHrP for 24 h (n = 2; representative of 2 biological
replicates per group). Arrow indicates the UCP1 protein band and arrowhead marks unspecific band.

(L) Immunoblots of UCP1 in differentiated C3H10T1/2 cells treated with the CM from HK2, RCC10, or 786-0O cells in the presence of neutralizing anti-PTHrP
antibody or control IgG for 24 h (n = 2; representative of 2 biological replicates per group).

(M) Representative immunoblots of UCP1 in differentiated shPTHR or shScramble C3H10T1/2 cells after treatment with CM from HK2, RCC10, or 786-0 cells for
24 h (n = 2; representative of 2 biological replicates in total).

(N) Immunoblots of phosphorylated PKA substrates, p-HSL (S660), total HSL, p-CREB (S133), and total CREB in differentiated C3H10T1/2 cells with different
treatments as shown for 24 h (n = 1 in total).

(O) OCR of differentiated C3H10T1/2 cells was determined by Seahorse after treatment with CM from HK2, RCC10, or 786-0 cells for 24 h (1 technical replicate of
9-10 biological replicates per group).

(P) Basal, uncoupled, and maximal OCR from Seahorse in (O) (1 technical replicate of 9-10 biological replicates per group).

(Q) OCR of differentiated C3H10T1/2 cells was determined by Seahorse after treatment with PTHrP for 24 h (1 technical replicate of 6 biological replicates
per group).

(R) Basal, uncoupled, and maximal OCR from Seahorse in (Q) (1 technical replicate of 6 biological replicates per group).

Data were expressed as means + SEM or median (G). *p < 0.05, **p < 0.01, **p < 0.001 by paired two-tailed Student’s t test (D), one-way ANOVA (E, |, and P), t
test (G), log-rank test (H), or unpaired two-tailed Student’s t test (J and R).
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Figure 2. Communication between beige adipocytes and ccRCC cells promotes the proliferation and migration of 786-0 cells
(A) Representative images showing EdU incorporation in 786-O cells treated with two-step CM as described in Figure S2A for 24 h (6 images per 3 biological

replicates for each group). Scale bar, 50 um.

(B) Ratio of EdU-positive 786-O cells in (A) (6 images per 3 biological replicates for each group).
(C) Representative images showing EdU incorporation in 786-O cells treated with two-step CM for 24 h (6 images per 3 biological replicates for each group). Scale

bar, 50 pm.

(D) Ratio of EdU-positive 786-O cells in (C) (6 images per 3 biological replicates for each group).
(E) Representative images of 786-0O cells that cultured in trans-well plates and treated with two-step CM as described in Figure S2A (6 images per 3 biological

replicates for each group). Scale bar, 100 um.

(F) Quantification of the average number of migrating 786-O cells in (E) (6 images per 3 biological replicates for each group).
(G) Representative images of 786-O cells that cultured in trans-well plates and treated with two-step CM (6 images per 3 biological replicates for each group).

Scale bar, 100 pm.
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mitochondrial proteins (Figures 1F and S1M). Notably, RCC10
and 786-0 cell media also upregulated the mRNA and protein
levels of thermogenic and mitochondrial genes in primary brown
adipocytes (Figures STN and S10). These results indicated that
secretory products or metabolites of ccRCC cells modulated the
browning of adipocytes in tumor-adjacent PAT.

Based upon previous reports, several other tumor-secreted
cytokines might activate white adipocyte browning, including
PTHrP, zinc-alpha-2-glycoprotein-1 (AZGP1), growth/differenti-
ation factor 15 (GDF15), and interleukin-6 (IL6) (Huang et al.,
2016). We compared the expression of these cytokines in
ccRCC and normal kidney tissues from the Cancer Genome
Atlas (TCGA) website (https://www.cbioportal.org/) but only
identified an increase in PTHLH mRNA (encoding PTHrP) in renal
tumors versus normal tissue (Figures S1P-S1S). In addition, by
analysis of the TCGA dataset, we revealed a positive correlation
between PTHLH expressions and tumor grades, as well as a sig-
nificant inverse correlation between PTHLH expressions and
survival rates of individuals with ccRCC (p = 0.0035) (Figures
1G and 1H).

Consistent with the TCGA data, we found that PTHLH mRNA
levels in ccRCC cells and PTHrP protein concentration in their
culture media were higher than those in HK2 cells or the media,
respectively (Figures 11 and S1T). We also revealed that PTHLH
mRNA abundance was higher in ccRCCs than that in normal par-
acarcinoma tissue (Figure 1J) and that serum PTHrP concentra-
tion was also higher in individuals with ccRCC (Figure S1U). To
validate the functional significance of elevated PTHrP expres-
sion in ccRCC tumors, we treated mature white adipocytes
with recombinant PTHrP and it was sufficient to upregulate
adipocyte browning in a dose-dependent manner, as indicated
by increased UCP1 protein expression (Figures 1K and S1V).

Neutralizing PTHrP in ccRCC cell CM with a specific anti-
PTHrP antibody abrogated the upregulation of UCP1 in the me-
dium-treated adipocytes (Figure 1L). Likewise, silencing PTHrP’s
cell surface receptor (PTHR) in C3H10T1/2-derived adipocytes
efficiently impaired the upregulation of UCP1 caused by treat-
ment with ccRCC cell CM (Figures 1M and S1W). Moreover, Mi-
toTracker staining also showed higher fluorescence intensity in
PTHrP-treated adipocytes than in vehicle-incubated cells (Fig-
ure S1X). Consistently, treatment with media from 786-O or
RCC10 cells elevated the phosphorylation of various endoge-
nous PKA substrates, as well as HSL and CREB, both of which
are well-known direct PKA substrates (Figure 1N). Recombinant
PTHrP phenocopied the ccRCC CM-mediated browning effects
(Figure S1Y). In line with this, the PKA inhibitor H89 or KT5720
efficiently suppressed the ccRCC CM- or PTHrP-mediated in-
crease in UCP1 protein levels and PKA substrate phosphoryla-
tion (Figures 1N and S1Y). Finally, we found that either ccRCC
CM or PTHrP could markedly elevate the basal, uncoupled,
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and maximal oxygen consumption rate (OCR) in adipocytes (Fig-
ures 10-1R).

Beige adipocytes promote ccRCC cell proliferation and
migration
Given their proximity to tumors, we questioned whether brown-
ing of tumor-adjacent adipocytes facilitates ccRCC progression.
To mimic putative bi-directional communication between
ccRCCs and adipocytes, we designed a series of parallel two-
stage CM treatment experiments with PTHR-silenced
C3H10T1/2 cells (shPTHR) and control cells (shScramble) (Fig-
ure S2A). In detail, we pre-treated shScramble or shPTHR adipo-
cytes with CM (from non-tumor cells or ccRCCs) or PTHrP to
promote their browning. The adipocyte CM were applied to fresh
cultures of 786-O or RCC10 cells (Figure S2A). Incorporation of
5-ethynyl-2’-deoxyuridine (EdU) showed that CM from beige ad-
ipocytes pre-treated with ccRCC CM or PTHrP promoted cell
proliferation in the recipient ccRCCs, whereas CM from adipo-
cytes pre-treated with HK2-CM or DMSO had little effects on
the proliferation of ccRCCs (Figures 2A-2D, S2B, and S2C).
Given shPTHR adipocytes cannot be induced into beige cells
(Figure 1M), we tested how CM from shPTHR adipocytes
affected ccRCC growth. In contrast to medium from shScramble
adipocytes, medium conditioned by shPTHR adipocytes had lit-
tle effect to promote EdU incorporation in 786-O or RCC10 cells,
regardless of whether the shPTHR adipocytes were pre-treated
with ccRCC CM or PTHrP (Figures 2A-2D and S2B-S2G).
Consistently, a trans-well assay showed that two-step CM
collected from shScramble adipocytes promoted the migration
of ccRCC cells, whereas co-culture with the two-step CM from
shPTHR adipocytes did not (Figures 2E-2H and S2H-S2M). In
support of this finding, immunoblotting showed that 786-0 cells
treated with CM from beige adipocytes had reduced abundance
of epithelial marker E-cadherin and elevated abundance of
mesenchymal markers N-cadherin and vimentin (Figures 21—
2L), suggesting that factors in CM from beige adipocytes poten-
tiate a phenotypic change toward an epithelial-mesenchymal
transition (EMT) in ccRCCs. We conclude that, within the ccRCC
TME, the adjacent adipocytes that have undergone browning are
endowed with the ability to enhance ccRCC proliferation and
migration via feedback communication.

Crosstalk between ccRCCs and adipocytes promotes
renal tumor growth in xenografted mice

To validate the effects of communication between ccRCC cells
and adipocytes in vivo, ccRCC xenografts were generated with
these two cell types. Initially, we injected the 786-O: C3H10T1/
2 cell mixture at a 3:1 ratio into the right side of B-NDG immuno-
deficient mice, and the same total number of 786-O cells into
each mouse’s left side (Figures S3A and S3B). Strikingly, the

(H) Quantification of the average number of migrating 786-O cells in (G) (6 images per 3 biological replicates for each group).
(I) Immunoblots of E-cadherin, N-cadherin, and vimentin in 786-0 cells after exposure to two-step CM for 24 h (n = 3; representative of 3 biological replicates for

each group).

(J) Analysis of protein abundance of E-cadherin, N-cadherin, and vimentin in (l) (1 technical replicate of 3 biological replicates for each group).
(K) Immunoblots of E-cadherin, N-cadherin, and vimentin in 786-0 cells after exposure to two-step CM for 24 h. Arrow indicates the vimentin protein band (n = 3;

representative of 3 biological replicates for each group).

(L) Analysis of protein abundance of E-cadherin, N-cadherin, and vimentin in (K) (1 technical replicate of 3 biological replicates for each group).
Data were expressed as means + SEM. *p < 0.05, **p < 0.01, **p < 0.001 by unpaired two-tailed Student’s t tests (B, D, F, H, J, and L).

Cell Metabolism 33, 2021-2039, October 5, 2021 2025
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Figure 3. Adipocyte browning promotes ccRCC tumor progression in xenografts

(A) A subcutaneous tumor growth curve from 786-O cells (1 x 10° cells per mouse) or 786-O cells (1 x 10° cells per mouse) mixed with C3H10T1/2 cells (0.25 x
10° cells per mouse) (n = 6 mice per group).

(B) Representative images of xenografts in (A) at day 32 (n = 6 mice per group).

(C) Weights of xenograft tumors in (B) at day 32 (n = 6 mice per group).

(D) Mouse Ucp1 mRNA expression in xenograft tumors derived from (B) (1 technical replicate of 6 biological replicates per group).

(E) Immunoblots of UCP1 in xenograft tumors derived from (B) (n = 3; representative of 3 biological replicates per group).

(F) Body weights of mice monitored in (A) at day 32 (n = 6 mice per group).

(G) A subcutaneous tumor growth curve from 786-O-mCherry cells (1 x 10° cells per mouse) or 786-O-mCherry cells (1 x 10° cells per mouse) mixed with BAC-
GFP cells (0.25 x 10° cells per mouse) (n = 6 mice per group).

(H) Representative mIHC images of xenograft tumors in (G) at day 65 (9 images per 3 biological replicates per group). Orange, mCherry; blue, UCP1; green, GFP;
red, Perilipin1; gray, DAPI. Scale bar, 50 um.

(legend continued on next page)
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786-0 + C3H10T1/2 cell mixture generated huge xenograft tu-
mors, and the mice quickly died (Figure S3C).

To overcome the problem of early lethality in the xenografted
mice, we adjusted the 786-O: C3H10T1/2 cell ratio to 4:1 in the
mixture. On the other hand, to avoid the potential interaction be-
tween two tumors in bilateral injection, we injected the mixed
cells in one group of B-NDG mice, and the 786-O-only- or
C3H10T1/2-only-injected mice were used as controls (Figures
3A and S3D). Although C3H10T1/2-cell-only injection did not
produce detectable xenograft tumors or other lumps throughout
the experiments (Figure S3D, dotted circles), other injections
produced measurable tumors within 16 days (Figure 3A). We
continuous monitored the tumor growth and revealed that the
growth rate of tumors containing 786-O and C3H10T1/2 cells
was higher than that of tumors originated from 786-O cells alone
(Figure 3A). Consistently, tumors that originated from mixed
ccRCC and adipocyte cells (786-O + C3H10T1/2 cells) were
larger and heavier than control (786-0O) tumors at 32 days after
injection (Figures 3B and 3C). As evidence for the browning of
co-injected C3H10T1/2 cells, Ucp7 mRNA and protein were up-
regulated in the tumors of mixed 786-O + C3H10T1/2 cell origin
(Figures 3D and 3E). We did not detect any obvious difference in
body weight or carcass body weight between 786-O +
C3H10T1/2 mice and 786-O mice, indicating that cachexia
was not obvious during the assays (Figures 3F and S3E).

To further track the proliferation of ccRCCs and adipocytes
within the xenografts, we constructed a subcell line of 786-O
labeled with mCherry (786-O-mCherry) and a mouse brown/
beige pre-adipocyte cell line (BAC) labeled with GFP (BAC-
GFP). BAC has similar browning potential, compared with pre-
adipocytes isolated from brown adipose tissue (BAT) (Figures
S3F and S3G), and BAC-only injection did not produce detect-
able tumors throughout the observation period (Figure S3H).
Consistent with our results using non-labeled cells, the growth
rate of ccRCCs containing BAC-GFP was robustly higher than
that of control tumors only containing 786-O-mCherry cells (Fig-
ures 3G and S3l). Multiplex IHC (mIHC) staining demonstrated
that both red (786-O-mCherry) and green (BAC-GFP) fluores-
cence could be detected in tumors of mixed-cell origin (Fig-
ure 3H, bottom row of images). The proportion of GFP-positive
area in mixed-cell tumor sections averaged just 3.3%, while
that of mCherry-positive area was 96.7% (Figure 3l). Next, we
used the proportion of mCherry-positive area measured in
each tumor to calculate the tumor volume occupied by 786-O
cells alone, which showed that the ccRCC cell (786-0)-occupied
volume in mixed-cell tumors was markedly greater than that in
control tumors (Figure 3J).

Because UCP1 abundance was upregulated in mixed-cell
xenograft tumors (Figure 3E), we investigated the extent to which
the co-injected adipocytes versus ccRCC cells contributed to
the phenotype. We performed immunofluorescence staining
with tumor sections and did not detect any UCP1 signal in con-
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trol tumors (Figure 3H, top row); whereas the UCP1 in mixed-cell
tumors colocalized with Perilipin1 as well as with BAC-GFP
(adipocyte tracer) (Figure 3H, bottom right). We normalized the
UCP1-positive area by underlying mCherry- or GFP-positive
area over entire sections and further substantiated that elevated
UCP1 abundance found in mixed-cell tumors was due to expres-
sion of UCP1 in the co-injected adipocytes (Figures 3l and 3K).

Next, we detected the downregulation of CDH71 and the upre-
gulation of genes such as CDH2, vimentin, SNAIL1, ZEB1, and
SIX1 in mixed-cell tumors relative to control tumors (Figure 3L).
Immunoblotting of tumor lysates verified the upregulation of N-
cadherin and vimentin, and the downregulation of E-cadherin
in mixed-cell tumors (Figure 3M). These results suggest that
co-injection of adipocytes may induce an EMT program in
mixed-cell ccRCCs.

Inhibition of adipocyte browning blocks adipocyte-
promoted ccRCC proliferation and tumor growth

Given that suppressing adipocyte browning abrogated adipo-
cyte-mediated ccRCC cell proliferation and migration (Figures
2A-2H and S2B-S2M), we next sought to determine whether in-
hibition of adipocyte browning could constrain ccRCC growth
in vivo. To this end, we generated two adipocyte cell lines with
impaired browning and/or uncoupled oxidative capacity—
Pgc1a knockdown BAC (BAC-shPgcia) and Ucp1 knockdown
BAC (BAC-shUcp1)—as well as BAC-Scramble as a control (Fig-
ures S3J-S3M). These adipocyte cells were co-injected with
786-O ccRCC cells into B-NDG mice. The tumor volume of
ccRCCs containing BAC-Scramble was higher than that of con-
trol (786-0) tumors (Figure 4A). In contrast, Pgcla or Ucp1
depletion in BAC markedly impaired the ability of adipocytes to
promote tumor growth (Figure 4A). Whereas tumors containing
BAC-Scramble were larger and heavier than control tumors,
those containing shPgcia- or shUcp1 were not (Figures 4B
and 4C). Thus, genetic inhibition of browning (shPgc1a), or sim-
ply of uncoupled respiration (shUcp1) in BAC was sufficient to
eliminate their contribution to tumor growth. mIHC staining of tu-
mor sections revealed greater expression of Ki67 (a proliferation
marker) in tumors containing co-injected BAC-Scramble, relative
to control tumors (786-0O alone) (Figures 4D and 4E). We found
that the higher Ki67 expression colocalized with the ccRCC
cell marker paired box 8 (PAX8) (Figure 4F); whereas silencing
Pgc1a or Ucp1 in co-injected BAC resulted in Ki67 staining
more comparable with that of 786-O along (Figures 4D and
4E). gRT-PCR, immunofluorescence staining, and immunoblot-
ting of tumor cells all indicated that adipocyte-promoted upregu-
lation of UCP1 levels was suppressed in tumors associated with
co-injected BAC-shPgc1a or BAC-shUcp1 (Figures 4G-4l). As a
critical control, mIHC staining further excludes the possibility
that UCP1 in 786-O + BAC-Scramble tumors originated from
PAX8-labeled ccRCC cells (Figure 4H). We also detected a
phenotypic change toward an EMT in 786-O + BAC-Scramble

(I) Proportions (%) of mCherry-positive 786-O cells and GFP-positive BAC cells in (H) (9 images per 3 biological replicates for each group).

(J) Adjusted individual tumor volumes in (G) (n = 6 mice per group).

(K) Ratio of UCP1-positive BAC cells in (H) (9 images per 3 biological replicates for each group).

(L) Expression levels of EMT-related genes in xenograft tumors derived from (B) (1 technical replicate of 5 biological replicates per group).

(M) Immunoblots of E-cadherin, N-cadherin, and vimentin in xenograft tumor derived from (B) (n = 3; representative of 3 biological replicates per group).

Data were expressed as means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA (A and G) or unpaired two-tailed Student’s t tests (C, D, F, and I-L).
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tumors, which was suppressed in tumors containing co-injected
BAC-shPgc1a or BAC-shUcp1 (Figures 4J and 4K).

To avoid the off-target effects of shRNA-mediated knock-
down, we constructed Pgc1a knockout BAC (BAC-Pgc1a-KO)
and Ucp1 knockout BAC (BAC-Ucp1-KO) using the CRISPR-
Cas9 technique (Figures S3N and S30). Consistent with the
above observation, Pgc1a or Ucp1 ablation in BAC impaired
the pro-tumorigenic effect of adipocytes (Figures S3P-S3R).

PTHrP-PTHR-PKA signaling promotes ccRCC cell
proliferation, invasion, and metastasis

To elucidate the role of PTHrP-PTHR-PKA signaling in the cross-
talk between ccRCC cells and adipocytes, we constructed
PTHR knockout BAC (BAC-PTHR-KO), PKA knockout BAC (cat-
alytic subunits of PKA ablated, BAC-PKA-KO), and PTHrP
knockout 786-O cells (786-O-PTHLH-KO) (Figures S4A-S4C).
We injected the 786-O cells with or without these genetically
modified adipocytes into nude mice to generate xenograft tu-
mors. The tumors containing BAC-Scramble displayed a strik-
ingly higher growth rate than control (786-O only) tumors (Figures
5A-5C). By contrast, PTHR or PKA ablation in BAC impaired the
tumor-promoting effect of adipocytes on renal tumor growth
(Figures 5A-5C). Knockout of PTHLH in 786-0O cells also sup-
pressed the effect of BAC on promoting ccRCC growth (Figures
5A and 5B). Measurement of tumor weight supported these re-
sults (Figure 5C).

To further determine whether inhibition of adipocyte browning
affects ccRCC cell lung metastasis in vivo, we performed a lung
colonization assay with BAC-PTHR-KO and luciferase labeled
786-0 cells (786-O-Luc). To mimic potential crosstalk between
ccRCC cells and adipocytes, we pre-treated 786-O-Luc
cells with medium from BAC-Scramble and BAC-PTHR-KO
for 2 weeks (Figure S4D), and the 786-O-Luc cells were
divided into three groups as follows: group 1,
DMSO» BAC-Scramble » 786-O-Luc; group 2, PTHrP»BAC-
Scramble» 786-O-Luc; and group 3, PTHrP»BAC-PTHR-
KO» 786-O-Luc. After 2-week treatment, E-cadherin levels
were reduced, and N-cadherin and vimentin levels were upregu-
lated in 786-0 cells of group 2, but not in cells of groups 1 and 3
(Figure 5D). We then injected the treated 786-O cells into nude
mice via the tail vein. Eight weeks after injection, whole-body
bioluminescence (BL) imaging detected overt metastases in
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the lungs of group 2 mice compared with groups 1 and 3 mice
(Figures 5E and S4E); BL imaging and H&E staining of the
segmented lungs further revealed that signals and number of
metastatic lesions (arrows) were remarkably higher in the lungs
of group 2 mice than in those of groups 1 and 3 (Figures 5F-5H).

According to previous reports, ccRCC invasion into PAT pre-
dicts poor prognosis (Bedke et al., 2009). Herein, we harvested
clinical samples containing ccRCC tumors and the adherent fat
tissue infiltrated by the tumor (Figures S4F and S4G). mIHC anal-
ysis showed that UCP1 signal overlapped with that of Perilipin1,
but not with PAX8 (a ccRCC marker) (Figure S4H).

To better mimic the pathological setting of the PAT invasion
and lung metastasis of ccRCC, we investigated the pro-tumor ef-
fect of adjacent beige adipocytes via an orthotopic kidney tumor
model. 786-0O-PTHLH-KO-Luc cells, 786-O-Scramble-Luc cells,
or 786-O-Luc cells were orthotopically injected into the nude
mice. Six weeks after injection, whole-body BL imaging revealed
overt signals in the kidneys of mice injected with 786-O-Luc and
786-0O-Scramble-Luc cells (Figures 51 and S41); by contrast, mice
injected with 786-O-PTHLH-KO-Luc cells showed markedly
weaker BL signals than the other two control groups (Figures
51 and S4l).

To evaluate tumor invasion into PAT and the browning trans-
formation of the adjacent PAT, we harvested the orthotopic
xenograft tumors together with the PAT and performed mIHC
analysis (Figure S4J). The presence of ccRCC cells in the
adherent PAT indicated the invasion of orthotopic tumors into
PAT (Figure S4J). With mIHC analysis of the tumor-PAT inter-
face, we detected obvious UCP1 signals in the 786-O-Luc or
786-0-Scramble-Luc groups, which colocalized with Perilipin1
(Figure S4J). By contrast, in mice injected with 786-O-PTHLH-
KO-Luc cells, the invasion of ccRCC tumor cells into adipose tis-
sue was lower, and the browning features of adherent PAT were
suppressed (Figure S4J). These data indicate that PTHrP (en-
coded by PTHLH) secreted from ccRCC confers a brown-like
phenotype to PAT, which in turn promotes ccRCC growth and
invasion.

Obvious BL signals in the resected lungs of mice injected with
786-0-Luc or 786-O-Scramble-Luc cells indicated overt lung
metastases of these ccRCC tumors (Figure 5J). However, PTHrP
deletion blocked lung metastases of 786-0 cells (Figure 5J). In
line with this, H&E staining showed considerably fewer nodules

Figure 4. Inhibition of adipocyte browning blocks adipocyte-promoted ccRCC cell proliferation and tumor growth

(A) A subcutaneous tumor growth curve from 786-O cells (1 x 10° cells per mouse) or 786-O cells (1 x 10° cells per mouse) mixed with respective BAC cells
(0.25 x 10° cells per mouse) (n = 7 mice per group). ***p < 0.001 in 786-0 + BAC-shPgcia versus 786-0 + BAC-shScramble, ###p < 0.001 in 786-0 + BAC-
shUcp1 versus 786-O + BAC-shScramble, &&&p < 0.001 in 786-0 versus 786-O + BAC-shScramble.

(B) Representative images of xenografts in (A) at day 35 (n = 7 mice per group).

(C) Weights of xenograft tumors in (B) at day 35 (n = 7 mice per group).

(D) Representative mIHC images of xenograft tumors in (B) (6 images per 3 biological replicates for each group). Green, Ki67; red, PAX8; blue, DAPI; yellow, Ki67+/
PAX8+ cells in merged image. Scale bar, 50 pm.

(E) Quantification of the average number of Ki67-positive cells in (D) (6 images per 3 biological replicates for each group).

(F) Quantification of the average number of Ki67-positive 786-O cells (PAX8-positive cells) in (D) (6 images per 3 biological replicates for each group).

(G) Mouse Ucp1 mRNA expression in xenograft tumors derived from (B) (1 technical replicate of 6 biological replicates per group).

(H) Representative mIHC images of xenograft tumors in (B) (6 images per 3 biological replicates in total). Green, UCP1; red, PAX8; blue, DAPI. Scale bar, 50 pm.
(I) Immunoblots of UCP1 in xenograft tumors derived from (B) (n = 3; representative of 3 biological replicates per group).

(J) Expression levels of EMT-related genes in xenograft tumors derived from (B) (1 technical replicate of 6 biological replicates per group).

(K) Immunobilots of E-cadherin, N-cadherin and vimentin in xenograft tumors derived from (B) (n = 3; representative of 3 biological replicates per group).

Data were expressed as means + SEM. *p < 0.05, *p < 0.01, **p < 0.001 by two-way ANOVA (A), one-way ANOVA (C, E, G, and J), or unpaired two-tailed
Student’s t tests (F).
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Figure 5. PTHLH-PTHR-PKA signaling promotes ccRCC cell proliferation and metastasis in vivo
(A) A subcutaneous tumor growth curve from 786-O cells (1 x 10° cells per mouse) or 786-O cells (1 x 10° cells per mouse) mixed with respective BAC cells
(0.25 x 10° cells per mouse) (n = 7 mice per group). ***p < 0.001 in 786-O-Scramble versus 786-0-Scramble + BAC-Scramble, ###p < 0.001 in 786-O-Scramble +
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in the lungs of mice injected with 786-O-PTHLH-KO-Luc than in
the other two groups (Figures 5K and 5L).

Small molecules released from adipocytes enhance the
proliferation and migration of ccRCCs
Next, we sought to ascertain the mechanism by which perineph-
ric beige adipocytes promote ccRCC tumor development. Beige
adipocytes secrete numerous proteins and small molecules,
such as metabolites, that might favorably alter the TME. Thus,
we boiled CM from PTHrP- or ccRCC-CM-induced beige adipo-
cytes (Figures 6A and S5A) and then removed denatured pro-
teins by filtration, before incubating fresh 786-O ccRCC cells
with the beige adipocyte CM. Interestingly, boiled and filtered
adipocyte CM retained its ability to enhance the proliferation
and migration of 786-0 cells, comparable with non-boiled adipo-
cyte CM (Normal CM) (Figures 6A-6D and S5A-S5D).
Considering that those small molecules, if not volatile, are
probably more stable at high temperature than secreted pro-
teins, we hypothesized that micromolecular metabolites left in
boiled CM played a primary role in promoting ccRCC cell growth.
Others have reported that adipocytes can feed free fatty acids
(FFAs) to tumor cells (Nieman et al., 2011; Wang et al., 2017).
Consistent with this, adipocytes incubated in ccRCC CM and
treated with PTHrP secreted more FFAs than control cells (Fig-
ures S5E-S5H). By contrast, ccRCC CM- or PTHrP-induced
FFA release from adipocytes was inhibited by H89 or silencing
Pgcla, Ucp1, or PTHR (Figures S5E-S5H). We detected
increased phosphorylated HSL level in ccRCC CM- or PTHrP-
treated adipocytes, and also found that H89 (or KT5720) treat-
ment or knockdown of Pgcla or Ucp1 completely abolished
the increased phosphorylation of HSL (Figures 1N, S1Y, S5l,
and S5J). These results validate the notion that lipolytic activity
in adipocytes is enhanced during the PTHrP- or ccRCC CM-
mediated browning process.

FFAs and glycerol are not the main fuel sources for
ccRCC cell growth

Compatible with the increased FFA secretion from beige adipo-
cytes in the TME, both RCC10 and 786-0 cells exhibited higher
expression of FFA transporters than HK2 cells (Figure S5K).
However, the expression of genes involved in FFA oxidation
(FAO) was lower in ccRCC cells than in HK2 cells (Figure S5L).
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The OCR of HK2 cells was remarkably suppressed by Etomoxir
(Eto, a CPT1a inhibitor) (Figure S5M), which inhibits the transport
of FFAs into mitochondria (Wettersten et al., 2015), but not that of
786-0 and RCC10 cells (Figures S5M and S5N). Thus, we in-
ferred that catabolism of FFAs may be reduced in ccRCC versus
non-tumor cells. Consistent with previous reports (Ackerman
et al., 2018; Qiu et al., 2015), with H&E and Oil Red O staining,
we detected gigantic lipid droplets within the cytoplasm of
ccRCC tumor cells (Figure S50).

To test whether deletion of CD36 abolishes the ccRCC prolif-
erative advantage obtained from metabolite(s) secreted by adi-
pocytes, we treated CD36 knockout 786-O cells (CD36-KO)
with beige adipocyte CM (Figure S5P) and found that CD36 dele-
tion had little effect on the proliferation and migration of cancer
cells (Figures S5Q-S5T). These results support the notion that
ccRCC cells preferentially transform FFAs to neutral triglycer-
ides, rather than using FAO as a main fuel source, which is
distinct from some other types of cancer (lwamoto et al., 2018;
Wen et al., 2017).

Glycerol is also produced and secreted during the lipolysis of
beige adipocytes. We found that adipocytes exposed to ccRCC
cell CM or PTHrP released more glycerol than control adipo-
cytes, whereas H89 treatment or knockdown of PTHR, Pgcia,
or Ucp1 completely inhibited glycerol secretion from adipocytes
(Figures S6A-S6D). EdU staining and trans-well assays showed
no differences in proliferation and migration between the 786-O
cells treated with glycerol and vehicle (Figures S6E-S6H).

Lactate released from beige adipocytes promotes
ccRCC cell proliferation and migration

Given the observation of downregulated FAO in ccRCC cells and
tumors, we hypothesized that some other beige adipocyte-
derived metabolite(s) might constitute the primary energy source
fueling rapid ccRCC tumor growth. According to previous re-
ports, beige adipocytes exhibit increased glycolysis and lactate
release (Weir et al., 2018; Nguyen et al., 2020). Consistent with
this, we found that BAT exhibited markedly higher lactate release
than other WAT (Figure S6l), and PTHrP-induced beige cells also
released more lactate than white adipocytes (Figures 6E and
S6J), whereas ablation of Pgc71a or Ucp1 substantially sup-
pressed PTHrP-caused lactate release in adipocytes (Fig-
ure S6J). In line with this, PTHrP increased the extracellular

BAC-Scramble versus 786-O-Scramble + BAC-PTHR-KO, &&&p < 0.001 in 786-O-Scramble + BAC-Scramble versus 786-0O-Scramble + BAC-PKA-KO, % % %
p < 0.001 in 786-O-Scramble + BAC-Scramble versus 786-O-PTHLH-KO + BAC-Scramble.
(B) Representative images of xenograft tumors in (A) at day 63 (n = 7 mice per group).

(C) Weights of xenograft tumors in (B) at day 63 (n = 7 mice per group).

(D) Immunoblots of E-cadherin, N-cadherin, and vimentin in 786-O-Luc cells after treatment described in Figure S4D (n = 2; representative of 3 biological

replicates per group).

(E) Representative BL images of xenograft tumors of 786-O-Luc cells (1 x 10° cells per mouse) described in Figure S4D (6 images per 6 biological replicates for

each group).

(F) Representative BL images of lung tissues in (E) (6 images per 6 biological replicates for each group).

(G) Representative H&E staining of lung tissues in (E) (18 images per 6 biological replicates for each group). Scale bar, 400 pm.

(H) Quantification of the average number of lung metastatic lesions in (G) (18 images per 6 biological replicates for each group).

() Representative BL images of orthotopic xenografts of 786-O-Luc cells (2 x 10° cells per mouse), 786-O-Scramble-Luc cells (2 x 10° cells per mouse) or 786-O-
PTHLH-KO-Luc cells (2 x 10° cells per mouse) (6 images per 6 biological replicates for each group).

(J) Representative BL images of lung tissues in (I) (6 images per 6 biological replicates for each group).

(K) Representative H&E staining of lung tissues in (l) (18 images per 6 biological replicates for each group). Scale bar, 400 um.

(L) Quantification of the average number of lung metastatic lesions in (K) (18 images per 6 biological replicates for each group).

Data were expressed as means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA (A) or unpaired two-tailed Student’s t tests (C, H, and L).
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Figure 6. Lactate released from beige adipocytes promotes ccRCC cell proliferation and migration

(A) Representative images showing EdU incorporation in 786-0 cells treated with two-step CM, as describe

d in Figure S2A for 24 h, except that CM was boiled

and filtered through a 0.2-um filter before being applied to 786-0 cells (6 images per 3 biological replicates for each group). Scale bar, 50 um.
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acidification rate (ECAR) of adipocytes (Figures 6F and 6G) and
also elevated glycolytic proton efflux rate in adipocytes (Figures
S6K and S6L), which validated the enhanced glycolysis of beige
cells. Consistent with those findings, we found that the expres-
sion of genes that mediate lactate synthesis (LDHA) and trans-
portation (MCT1 and MCT4) was considerably higher in ccRCC
CM-induced beige adipocytes than in control adipocytes
(Figure S6M).

Notably, the expressions of MCT1, MCT4, and LDHB were
higher in RCC10 and 786-0 cells than in HK2 cells (Figure S6N),
suggesting increased uptake and usage of lactate in ccRCC
cells. To further explore the mechanism of lactate utilization,
we performed metabolic flux analysis in 786-O cells using
[U-'3C4]-labeled lactate as a tracer. The results of the NMR
assay showed that 15.07% of total [U-'3C5]-lactate in the culture
medium was taken up by 786-O cells within 24 h (Figure 6H). In
another metabolic flux analysis, we treated ccRCC cells with
[U-"3Cg]-lactate or label-free lactate (control) (Figure 6l) and
found that the amount of '®C-succinate and '3C-glutamate
was higher in [U-'3C;]-lactate-treated 786-O cells than in control
cells (Figures 6l1-6K). Moreover, the levels of '®C-alanine and
3C-acetate were markedly elevated in the medium of ccRCC
cells pre-treated with [U-'3C]-lactate (Figures S60 and S6P).
These results indicate that the lactate carbons are incorporated
into intermediates and metabolites related to the TCA cycle. In
line with this, lactate treatment led to a sharp increase in the
OCR of 786-0 cells, whereas inhibition of the cellular lactate
transporters (MCT1/4) with a small molecule inhibitor (7ACC1)

¢ CellP’ress

caused a rapid reduction in the OCR of cancer cells (Figure 6L).
Taken together, these results indicate that lactate serves as an
important fuel incorporated into the TCA cycle of ccRCC cells.
We found that PTHrP increased the concentration of adipo-
cyte-secreted lactate into the cell culture medium roughly by
2-fold in a short period (Figure 6E). Lactate treatment remarkably
increased the proliferation and migration of 786-0 cells (Figures
6M-6P). Next, in a similar CM transfer experiment, we added
7ACC1 into beige adipocyte CM before treating 786-O cells
and revealed that 7ACC1 suppressed the enhancement of
ccRCC cell proliferation and migration caused by beige adipo-
cyte CM compared with the control group (Figures S6Q-S6X).

Inhibition of lactate importation into ccRCC cells
impairs beige adipocyte-induced ccRCC tumor growth
Next, we treated xenograft tumor-bearing mice with 7ACC1 to
investigate the role of lactate in beige adipocyte-induced tumor
growth. 7ACC1 administration substantially suppressed tumor
growth (Figure 6Q) and reduced the size and weight of tumors
originated from mixed ccRCC cells and adipocytes (Figures 6R
and 6S), without affecting the serum alanine transaminase
(ALT) and aspartate aminotransferase (AST) levels (Figure 6T).
We also constructed a lactate transporter knockout 786-0 cell
line (786-O-MCT1/4-KO) (Figure S6Y) and generated xenograft
tumors with 786-O-MCT1/4-KO and BAC (Figure 6U). Consis-
tently, MCT1/4 deletion in 786-O cells decreased growth rate
and reduced the size and weight of the xenograft tumors (Figures
6U-6W).

(B) Ratio of EdU-positive 786-0 cells in (A) (6 images per 3 biological replicates for each group).
(C) Representative images of 786-O cells that cultured in trans-well plates and treated with two-step CM as described in (A) (6 images per 3 biological replicates

for each group). Scale bar, 100 pm.

(D) Quantification of the average number of migrating 786-O cells in (C) (6 images per 3 biological replicates for each group).
(E) Lactate released from primary white or brown adipocytes treated with vehicle or PTHrP (50 ng/mL) for 3 h (1 technical replicate of 8 biological replicates

per group).

(F) The ECAR of differentiated C3H10T1/2 cells treated with vehicle or PTHrP (50 ng/mL) for 24 h (1 technical replicate of 5 biological replicates per group).
(G) Basal glycolysis, glycolytic capacity, and glycolytic reserve were determined in (F) (1 technical replicate of 5 biological replicates per group).
(H) The remaining levels of [U-'3C]-lactate in the cultured media of 786-O cells treated with 5 mM label-free lactate or [U-'3Cg]-lactate for 24 h (1 technical

replicate of 3 biological replicates per group).
(1) Tracer scheme illustrating the flux of [U-'3Cg]-lactate into TCA cycles.

(J) '3C enrichment of succinate in 786-O cells after treatment with [U-'3C5]-lactate for 24 h (1 technical replicate of 3 biological replicates per group).
(K) '3C enrichment of glutamate in 786-O cells after treatment with [U-'3Cg]-lactate for 24 h (1 technical replicate of 3 biological replicates per group).

(L) The OCR of 786-0 cells treated with indicated concentrations of lactate following pH adjusted to 7.4 (1 technical replicate of 7 biological replicates per group).
Lactate and 7ACC1 (10 uM) were injected at indicated time point, respectively.

(M) Representative images showing EdU incorporation in 786-0 cells exposed to vehicle or lactate (1 mM or 2 mM) for 24 h (6 images per 3 biological replicates for
each group). Scale bar, 50 pm.

(N) Ratio of EdU-positive 786-O cells in (M) (6 images per 3 biological replicates for each group).

(O) Representative images of 786-O cells that cultured in trans-well plates and treated with vehicle or lactate (1 or 2 mM) for 24 h (9 images per 3 biological
replicates for each group). Scale bar, 100 um.

(P) Quantification of the average number of migrating 786-O cells in (O) (9 images per 3 biological replicates for each group).

(Q) A subcutaneous tumor growth curve from 786-O cells (1 x 10° cells per mouse) mixed with BAC cells (0.25 x 106 cells per mouse) at indicated time points (n =
7 mice per group). The treatment with vehicle or 7ACC1 (3 mg/kg) began when volume of xenografts reached approximately 50 mm?®. Arrow indicates initiation of
drug treatment.

(R) Representative images of xenograft tumors in (Q) at day 63 (n = 7 mice per group).

(S) Weights of xenograft tumors in (R) at day 63 (n = 7 mice per group).

(T) Serum ALT and AST levels of mice in (Q) at day 63 (n = 7 in total).

(U) A subcutaneous tumor growth curve from 786-O-Scramble cells (1 x 108 cells per mouse) or respective 786-O cells (1 x 10° cells per mouse) mixed with BAC
cells (0.25 x 10° cells per mouse) (n = 7 mice per group). **p < 0.01 in 786-0-Scramble versus 786-O-Scramble + BAC, ###p < 0.001 in 786-0-MCT1/4-KO + BAC
versus 786-O-Scramble + BAC; NS, p > 0.05 in 786-O-MCT1/4-KO + BAC versus 786-O-Scramble.

(V) Representative images of xenograft tumors in (U) at day 63 (n = 7 mice per group).

(W) Weights of xenograft tumors in (V) at day 63 (n = 7 mice per group).

Data were expressed as means + SEM. *p < 0.05, **p < 0.01, **p < 0.001 by unpaired two-tailed Student’s t tests (B, D, E, G, H, J, K, S, and T), one-way ANOVA
(N, P, and W), or two-way ANOVA (Q and U).
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Our group and others found that white adipocytes release less
lactate than beige adipocytes (Figures S7TA-S7C) (Okamatsu-
Ogura et al., 2020; Shamsi et al., 2020). Therefore, we compared
the effects of the two types of adipocytes on ccRCC tumor
growth in vivo. To this end, we differentiated two types of white
adipocytes from 3T3L1 (3T3L1-white) and C3H10T1/2
(C3H10T1/2-white) cells, and two types of beige adipocytes
from 3T3L1 (3T3L1-beige) and C3H10T1/2 (C3H10T1/2-beige)
cells. Then, xenograft tumors were generated by injecting these
adipocytes together with 786-O cells into nude mice. As ex-
pected, beige adipocytes (3T3L1-beige and C3H10T1/2-beige)
markedly increased the growth rates of ccRCC tumors (Fig-
ure S7D), as well as tumor size and weight compared with white
adipocytes (Figures S7E and S7F).

Inhibitors of adipocyte browning enhance TKI efficacy
Previously, the therapeutic efficacy of TKIs has been reported
to be reduced in some cases, for reasons that remain unclear
(Rini and Atkins, 2009). Relevant to this clinical issue—as well
as to our findings that ccRCC tumor growth is stimulated by
adjacent beige adipocytes—it has been shown that the TKils
sunitinib and axitinib promote adipocyte browning (Mao et al.,
2017; Qiu et al., 2018). Consistent with those findings, we found
that treating white adipocytes with four TKils all substantially
increased the expression of the browning markers Ucp1,
Pgc1a, and Dio, in white adipocytes (Figure 7A), further con-
firming that TKls promote adipocyte browning. Treatment
with TKls also upregulated the expression of genes involved
in lipolysis, including Atg/ and Hs/ in adipocytes (Figure 7B).
Moreover, when we treated ccRCC cell lines (786-O or
RCC10) with four different TKls we found they all increased
the expression of PTHLH (Figure 7C).

To assess the role of TKl-promoted adipocyte browning
in vivo, we treated xenograft tumor-bearing mice with two
PKA inhibitors, KT5720 and H89. As shown in Figures 7D-7F
and S7G, sunitinib, H89 or KT5720 alone partially suppressed
tumor growth relative to that in the vehicle group; while com-
bination treatment (sunitinib + H89 or sunitinib + KT5720) sub-
stantially suppressed tumor growth compared with sunitinib
alone. The combination of sunitinib + H89 or sunitinib +
KT5720 markedly reduced tumor size and weight (Figures
7E, S7F and S7H). Notably, these drugs alone or in combina-
tion did not elevate serum ALT and AST levels (Figures 7G
and S7I).

With the immunostaining analysis of tumor sections, we re-
vealed that sunitinib treatment increased the abundance of
UCP1 (Figures 7H and 71). By contrast, in the groups receiving
combination treatment, H89 or KT5720 substantially blocked su-
nitinib-elevated UCP1 levels in adipocytes (Figures 7H, S7I and
S7J). The level of Ki67 in ccRCC cells was lower in combination
treatment groups than in those receiving sunitinib alone (Figures
7J and 7K). gqRT-PCR showed that combination treatment
(sunitinib + H89 or sunitinib + KT5720) substantially increased
transcription of CDH1 and decreased mRNA levels of CDH2, vi-
mentin, ZEB1, and SIX1 (Figure 7L). Immunoblotting verified the
upregulation of E-cadherin and the downregulation of N-cad-
herin and vimentin in the combination-treated tumors (Figures
7M, S7K, and S7L).
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DISCUSSION

Perirenal fat infiltration during ccRCC tumor development is
closely associated with an inferior survival rate. However, the
detailed mechanism to explain this association remains elusive.
In this study, we found that ccRCCs release PTHrP to promote
PAT browning, which in turn results in the release of lactate
into the TME, constituting a novel putative mechanism of
enhanced ccRCC tumor growth. This phenomenon by which
ccRCCs “feed” themselves by promoting the beiging of the
adjacent PAT might explain why ccRCC tumors are prone to infil-
trate fat tissue and why this phenomenon is associated with
poorer prognosis. Interestingly, previous reports have docu-
mented non-cancerous cells in the TME are induced to “feed”
the tumor (Goossens et al., 2019; Nieman et al., 2011; Maguire
et al.,, 2021). For example, tumor-associated macrophages
(TAMs) feed cholesterol to tumors to assist their growth, which
in turn leads to reduce TAM activity, providing a more permissive
environment for tumor growth (Goossens et al., 2019).

Lung-carcinoma-promoted WAT browning contributes to
cachexia and leads to a wasting disorder of adipose tissue (Kir
et al.,, 2014), whereas we found that the beige adipocytes in
PAT secrete lactate that enhance ccRCC tumor growth, inva-
sion, and metastasis. Consistently, other tumors promote and
fully hijack the reprogramming of adjacent non-cancerous tissue
(Chrysovergis et al., 2014; Elattar et al., 2018). For example,
breast cancer cells promote the conversion of adjacent adipo-
cytes into cancer-associated adipocytes (CAAs, characterized
as the loss of adipocyte markers including FABP4), which in
turn enhances the motility of cancer cells by secreting PAI-1
(Carter and Church, 2012). Conversely, we found that ccRCC
cells increased uncoupled respiration in adjacent adipocytes
without affecting FABP4 abundance, indicating that white adipo-
cytes in PAT are transformed into beige adipocytes distinct from
CAAs. The adipocytes of PAT are reported to have a higher pro-
pensity to convert to beige adipocyte compared with those in
subcutaneous WAT (Jespersen et al., 2019; Wu et al., 2016).
Here, we did not find the typical multilocular adipocytes of the
BAT but instead detected a subset of adipocytes showing a pau-
cilocular phenotype (a hallmark of WAT browning) in adjacent
PAT (Brestoff and Artis, 2015). These findings suggest that the
ccRCC-induced PAT browning might possess some unique fea-
tures compared with browning of the visceral or subcutaneous
fat. The primary function of the WAT is to store energy in the
form of lipid droplets, and thus the catabolic activity in WAT is
suppressed to a minimum level (Kiefer et al., 2012). Certain con-
ditions (e.g., cold exposure or genetic mutations) stimulate
browning of the WAT (Bartelt and Heeren, 2014). During WAT
browning, catabolism inside beige adipocytes is markedly
enhanced, leading to the superfluous production of lactate in
excess of that consumed by beige adipocytes themselves (Oka-
matsu-Ogura et al., 2020; Tews et al., 2019). Therefore,
compared with white adipocytes, beige adipocytes secrete
more lactate into the extracellular environment, which could be
utilized by adjacent cancer cells.

We found that genetic and pharmacological inhibition of
adipocyte browning blocked the bi-directional communication
between ccRCC cells and adjacent adipocytes, suppressing
ccRCC progression. Reasonably, one mechanism by which
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inhibiting adipocyte browning might limit tumor growth is by
reducing the delivery, from beige adipocytes to ccRCC cells,
of lactate. Through analyses of clinical samples, we found
ccRCC tumors drove browning of adjacent fat, but not distal
fat, indicating that tumor influence, and/or the benefit of reprog-
rammed adipocyte metabolism, is distance dependent and
these observations suggest a paracrine pattern. In the current
American and Chinese national clinical practice guidelines for
the treatment of kidney cancer, there is no clear guidance on
whether the paracancerous adipose tissue should be resected
during ccRCC surgery (Motzer et al., 2019). Our findings in this
study suggest that the removal of adjacent fat tissue might halt
metabolite flow from beige adipocytes and improve post-surgi-
cal prognosis.

A number of tumors, such as breast, gastric, and ovarian can-
cers, tend to grow or undergo an EMT in the adipocyte-domi-
nated TME; these tumors utilize FFAs released from adipocytes
and are highly reliant on FAO for ATP production (Nieman et al.,
2013; Martinez-Outschoorn et al., 2012; Snaebjornsson et al.,
2020), whereas ccRCC exhibits a distinct metabolic pattern
(Du et al., 2017). Similar to some other cancers, ccRCC tumors
have the ability to take up FFAs. Even so, we found that the
expression of FAO-related genes is suppressed in ccRCC.
Compatible with this, the imported FFAs appeared to be re-
esterified to form triglycerides, which was stored and condensed
into large lipid droplets. Whether and how the accumulation of
neutral triglycerides contributes to ccRCC cancer development
remains to be investigated in the future. In contrast to FAO-
related genes, the expression of genes involved in lactate trans-
port (MCT1 and MCT4) and catabolism (LDHB) were higher in
ccRCC cells than in normal renal cells, suggesting that lactate
catabolism was higher in the tumors. We confirmed that lactate
acts as a significant carbon source to fuel the TCA cycle of
ccRCC cells. Consistently, in other cancers, lactate is preferred
over glucose as a fuel for the TCA cycle (de la Cruz-Lopez et al.,
2019; Faubert et al., 2017). Meanwhile lactic acid also inhibits
T cell activation and proliferation to favor tumor growth (Brisson
et al., 2016; Ippolito et al., 2019).

Cell Metabolism

We also found that four widely used TKIs—including suniti-
nib—all promoted the browning of white adipocytes and upregu-
lated the expression of PTHrP in ccRCC tumor cells, which
amplified the vicious cycle between ccRCC cells and adjacent
adipocytes. This adverse effect might contribute to reduced
TKI anti-tumor efficacy in clinical practice. Here, we validated
that combination therapy involving TKls and inhibitors of thermo-
genesis substantially improved the long-term efficacy of the TKI
in reducing ccRCC tumor volume. Previously, only higher dos-
ages of sunitinib (40 mg/kg or 20 mg/kg) showed obvious treat-
ment efficacy against ccRCCs (Adelaiye-Ogala et al., 2018; Zhou
et al., 2016). In this study when combined with browning inhibi-
tors, a much lower dosage of sunitinib (10 mg/kg) strikingly sup-
pressed tumor growth.

In summary, we identified a bi-directional communication be-
tween ccRCCs and the adjacent adipose tissue, which pro-
moted ccRCC progression. Our data also revealed an adverse
side effect of TKIs to promote PAT browning. Our study
further verified that combination therapy with a TKl and thermo-
genesis inhibitors enhanced the anti-cancer efficacy of the
former, expanding the arsenal of therapeutic agents for
combating ccRCC.

Limitations of study

This study demonstrated that lactate is a significant fuel to
support ccRCC cell growth in the ccRCC-PAT communica-
tion; however, other small molecules and regulatory path-
ways that may play critical roles in tumor growth remain to
be investigated in the future. Regardless, FAO is suppressed
in ccRCC, and FFAs could still be taken up and converted
into triglycerides in ccRCC cells. The mechanism by which
these lipids affect ccRCC tumorigenesis warrants further
exploration. Furthermore, the specific features of ccRCC-
induced PAT browning merits in-depth studies. Lastly, the
detailed mechanism by which TKIs upregulate PTHLH in
ccRCC cells, and how to counteract this disadvantage to
improve their clinical efficacy, are key questions that remain
to be elucidated.

(B) Expression levels of genes related to lipolysis in differentiated C3H10T1/2 cells after treatment with vehicle or sorafenib (2 M), sunitinib (1 uM), pazopanib
(1 uM) and axitinib (1 uM) for 24 h, respectively (1 technical replicate of 3 biological replicates per group).

(C) PTHLH mRNA levels in 786-0O cells treated with vehicle or sorafenib (2 pM), sunitinib (1 uM), pazopanib (2 M), and axitinib (1 uM), and in RCC10 cells treated
with vehicle or sorafenib (1 uM), sunitinib (1 uM), pazopanib (1 uM), or axitinib (1 uM), respectively (1 technical replicate of 5-6 biological replicates per group).
(D) A subcutaneous tumor growth curve from 786-0 cells (1 x 10° cells per mouse) mixed with BAC cells (0.25 x 10° cells per mouse) (n = 7 mice per group). The
treatment with vehicle, H89, KT5720, sunitinib, H89 plus sunitinib, KT572 plus sunitinib began when volume of xenografts reached approximately 50 mm?. **p
< 0.001 in vehicle versus H89, ###p < 0.001 in vehicle versus KT5720, &&&p < 0.001 in vehicle versus sunitinib, @@p < 0.01 in sunitinib versus sunitinib + H89, %
% %p < 0.001 in sunitinib versus sunitinib + KT5720. Arrow indicates initiation of drug treatment.

(E) Representative images of xenograft tumors in (D) at day 63 (n = 7 mice per group).

(F) Weights of xenograft tumors in (E) at day 63 (n = 7 mice per group).

(G) Serum ALT and AST levels of mice in (D) at day 63 (7 biological replicates per group).

(H) Representative mIHC images of xenograft tumors in (E) (6 images per 3 biological replicates for each group). Green, UCP1; orange, Perilipin1; red, PAX8; blue,
DAPI. Scale bar, 50 um.

(I) Proportions (%) of UCP1/Perilinpin1 positive cells in (H) (6 images per 3 biological replicates for each group).

(J) Representative mIHC images of xenograft tumors in (E) (6 images per 3 biological replicates for each group). Green, Ki67; red, PAX8; blue, DAPI. Scale
bar, 50 pm.

(K) Quantification of the average number of Ki67/PAX8 positive 786-O cells in (J) (6 images per 3 biological replicates for each group).

(L) Expression of EMT-related genes in xenograft tumors derived from (E) (1 technical replicate of 5 biological replicates for each group).

(M) Immunoblots of UCP1, E-cadherin, N-cadherin, and vimentin proteins in xenograft tumors derived from (E) (n = 3; representative of 3 biological replicates
per group).

Data were expressed as means + SEM. *p < 0.05, **p < 0.01, **p < 0.001 by unpaired two-tailed Student’s t tests (A-C), two-way ANOVA (D), or one-way
ANOVA (F, G, |, K, and L).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal | anti-UCP1, dil:1/1000 Abcam Cat# ab23841; RRID: AB_2213764
Cat# ab10983; RRID: AB_2241462

Rabbit monoclonal anti-Total OXPHOS Abcam Cat# ab110413; RRID: AB_2629281

Rodent WB Antibody Cocktail, dil:1/500

Rabbit polyclonal anti-PKA-Co/, Abcam Cat# ab71764; RRID: AB_1269777

dil:1/1,000

Rabbit polyclonal anti-Phospho-HSL
(Ser660), dil:1/1,000

Rabbit polyclonal anti-HSL, dil:1/1,000

Rabbit monoclonal anti-CREB (48H2),
dil:1/1,000

Rabbit monoclonal anti-Phospho-CREB
(Ser133) (87G3), WB, dil:1/1,000

Rabbit monoclonal anti-Phospho-PKA
Substrate (RRXS*/T*) (100G7E), dil:1/1,000

Rabbit monoclonal anti-PAX8 (D2S2l),
dil:1/200

Rabbit monoclonal anti-Perilipin1 (D1D8),
dil:1/200

Rabbit monoclonal anti-a-Actinin (D6F6),
dil:1/1,000

Rabbit polyclonal anti-B-Tubulin,
dil:1/1,000

Rabbit monoclonal anti-GAPDH (D16H11),
dil:1/1,000

Rabbit polyclonal anti-HSP90, dil:1/1,000

Rabbit monoclonal anti-N-Cadherin
(D4R1H) XP , dil:1/1,000

Rabbit monoclonal anti-E-Cadherin (24E10)
XP, dil:1/1,000

Rabbit monoclonal anti-vimentin (D21H3)
XP, dil:1/1,000

Rabbit polyclonal anti-CD36, dil:1/1,000
Rabbit polyclonal anti-PTHR, dil:1/1,000
Rabbit polyclonal anti-MCT1, dil:1/1,000
Rabbit polyclonal anti-MCT4, dil:1/1,000
Mouse monoclonal anti-PTHrP (1-34)
antibody (clone 23-57-137-1), dil:1:500
Normal mouse IgG, dil:1:500

Peroxidase AffiniPure Goat Anti-Rabbit IgG
(H+L), dil:1/5,000

Peroxidase AffiniPure Goat Anti-Mouse
IgG(H+L), dil:1/5,000

Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Absin, china.
Absin, china.
Absin, china.
Absin, china.
Millipore

Santa Cruz
Jackson ImmunoResearch

Jackson ImmunoResearch

Cat# 4126; RRID: AB_490997

Cat# 4107; RRID: AB_2296900
Cat# 9197; RRID: AB_331277

Cat# 9198; RRID: AB_2561044

Cat# 9624; RRID: AB_331817

Cat# 59019; RRID: AB_2799553

Cat# 9349; RRID: AB_10829911

Cat# 6487; RRID: AB_11179206

Cat# 8457; RRID: AB_ 2210545

Cat# 5174; RRID: AB_10622025

Cat# 4874; RRID: AB_2121214
Cat# 13116; RRID: AB_2687616

Cat# 3195; RRID: AB_2291471

Cat# 5741; RRID: AB_10695459

Cat# abs120668
Cat# abs135215
Cat# abs120479
Cat# abs124388
Cat# MABN793

Cat# sc-2025; RRID: AB_737182
Cat# Fs111-035-003; RRID: AB_2313567

Cat# Fs115-035-003; RRID: AB_10015289
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REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Human normal kidney tissue sample Yan’an Affiliated Hospital of Kunming N/A
Medical University

Human ccRCC tissue sample Yan’an Affiliated Hospital of Kunming N/A

Medical University

Chemicals, peptides, and recombinant proteins

Sunitinib

Pazopanib

Sorafenib

Axitinib

7ACCH

H89

KT5720

Dimethyl sulfoxide (DMSO)

Corn oil

Cremophor EI
Dimethyl-acetoacetamide (DMA)
Oil Red O
3-isobutyl-1-methylxanthine
Indomethacin

Dexamethasone

Insulin

Triiodothyronine (T3)
Rosiglitazone

DMEM

Opti-MEM | Reduced Serum Medium
Fetal Bovine Serum

Calf serum
Penicillin/Streptomycin
Lipofectamine 3000 Transfection Reagent
TRIzol reagent

Trypsin

PTHrP (1-34) peptides

Sodium L-lactate (*3Cg, 98%)

MedChemExpress
MedChemExpress
MedChemExpress
MedChemExpress
MedChemExpress
MedChemExpress
MedChemExpress
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
ThermoFisher Scientific
Thermo Fisher Scientific
ThermoFisher Scientific
Selborne Biological Services
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
GLBiochem, China
Cambridge Isotope Laboratories

Cat# HY-10255A
Cat# HY10208
Cat# HY-10201
Cat# HY-10065
Cat# HY-D0067
Cat# HY-15979
Cat# HY-N6789
Cat# 2650

Cat# 394906
Cat# 238470
Cat# 394906
Cat# 00625
Cat# 17018

Cat# 17378

Cat# D4902
Cat# 1-5500
Cat# t-2752
Cat# R2408
Cat# C11995500BT
Cat# 31985062
Cat# 16000-044
Cat# 1491

Cat# 15140-122
Cat# L3000015
Cat# 15596

Cat# 25200

Cat# 101859
Cat# CLM-1579-0

Critical commercial assays

BCA assay kit

MitoTracker Red probe

Hiscript Il reverse transcriptase
SYBR-green PCR mix
LabAssay NEFA

EnzyChrom Adipolysis Assay Kit
XF Cell Mito Stress Test Kit
Palmitate-BSA FAO Substrate

Fluorescent multiplex
immunohistochemistry (mIHC) kit

The PTHrP (1-34) enzyme-linked
immunosorbent assay (ELISA)

BCA Protein assay kit
EasyPure Genomic DNA kit

Thermo Fisher Scientific
ThermoFisher Scientific
Vazyme, China
Vazyme, China

Wako diagnostics
BioAssay Systems
Agilent Technologies
Agilent Technologies
Absin, china

Phoenix Pharmaceuticals

Thermo Fisher Scientific
Transgen Biotech

Cat# 23225

Cat# M7512
Cat# R222-01-AB
Cat# Q511-02
Cat# 294-63601
Cat# EAPL-200
Cat# 103015-100
Cat# 102720-100
Cat# abs50013

Cat# S-1227

Cat# 23225
Cat# EE101
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines

Mouse: C3H10T1/2 cells ATCC Cat# CCL-226
Mouse: 3T3L1 cells ATCC Cat# CL-173
Mouse: Primary inguinal adipocytes This paper N/A

Mouse: Primary brown adipocytes This paper N/A

Mouse: Immortalized brown and beige pre- Zhao et al., 2014 N/A

adipocytes

Human:786-0 cells ATCC Cat# CRL-1932
Human: RCC10 cells (Li et al., 2014) N/A

Human: HK2 cells ATCC Cat# CRL-2190
Human: HEK293 cells ATCC Cat# CRL-1573
Experimental models: Organisms/strains

Mouse strain: B-NDG (B-NDG) Biocytogen Cat# 110586
Mouse strain: BALB/c-Nu GemPharmatech Cat# D000521
Oligonucleotides

Primers for RT-qPCR, see Table S2 This paper N/A
Sequences for shRNA primers, see This paper N/A

Table S3

sgRNA target sequences for CRISPR-Cas9, This paper N/A

see Table S3

Recombinant DNA

pLKO.1-puro Addgene Cat# 8453
pMD2.G Addgene Cat# 12259
psPAX2 Addgene Cat# 12260
pCDH-GFP Addgene Cat# 72263
pCDH-mCherry Addgene Cat# 129440
lenti-CRISPR-V2 Addgene Cat# 52961

Software and algorithms

GraphPad Prism V8
Imaged

Adobe Photoshop
Adiposoft software

GraphPad Software
(Schneider et al., 2012)
Adobe

Galarraga et al., 2012

https://www.graphpad.com/

https://imagej.nih.gov/ij/
https://www.adobe.com/

https://imagej.net/plugins/adiposoft

Other

Mouse chow diet
PVDF membrane
0.45 um filter

100 um mesh filter
40 um mesh filter

SLACOM
Millipore
Millipore
Falcon
Falcon

Cat# P1101F-25
Cat# IPVH00010
Cat# SLHVO33RB
Cat# 352360
Cat# 352340

RESOURCE AVAILABILITY

Lead contact

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

(liujunli@sijtu.edu.cn).

Materials availability

Plasmids generated in this study are available from the lead contact upon request. This study did not generate new unique reagents.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

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

Mice and mice housing

Male B-NDG (B-NDG) mice (B:Biocytogen; N:NOD background; D:DNAPK (Prkdc) null; G:IL2rg knockout) mice (aged 4 to 6 weeks)
and BALB/c nude mice (aged 4 to 6 weeks) were obtained from Beijing Biocytogen and GemPharmatech, respectively. The animals
were maintained at room temperature (22-25°C) and with free access to food and water with 12 h light/dark cycle. All mice used in
experiments throughout the study exhibited normal health. All mice were used after 1- or 2-weeks acclimatization after importing into
the facility. All protocols were approved by the Institutional Animal Care and Use Committee at SIBCB of the Chinese Academy of
Sciences (Shanghai, China) (SIBCB-S373-1901-003; SIBCB-S373-1809-027). For subcutaneous xenograft studies, 786-O cells (1 x
10° cells) were mixed with PBS or C3H10T1/2 cells or BAC cells (0.25 x 10° cells) at a ratio of 4:1 and implanted subcutaneously into
the right flank of the mice with Matrigel in 100 uL (Corning, #354234). For comparison of the effects between white and beige fat cells
on tumor growth, 3T3L1 and C3H10T1/2 cells were differentiated into matured white or beige adipocytes (0.25 x 10° cells) and were
co-injected together with 786-O cells (1 x 10° cells) into B-NDG mice in the same way. To monitor tumor growth, the tumor diameter
was measured every 2 or 3 days with a digital caliper. The tumor volumes were defined as 0.5 x (longest diameter) x (shortest diam-
eter) x (shortest diameter). To assess the improved efficacy of sunitinib by inhibiting the browning of adipocytes with H89 or KT5720,
mice were randomly assigned into different groups when the xenografts reached approximately 50 or 100 mm?® and were then admin-
istered different treatments. At the end of experiments, tumors dissected from individual mice were weighed, fixed in 4% parafor-
maldehyde or flash frozen under liquid nitrogen.

Cell culture
Adipocyte culture and differentiation
Inguinal subcutaneous and perirenal WAT stromal-vascular fraction (SVF) cells were routinely isolated from male (aged 4 to 6 weeks)
mice, cultured and differentiated into matured adipocytes following the previous published method (Kir et al., 2014) with slight mod-
ifications. Briefly, the inguinal and perirenal white fat pads were obtained from 6-week-old male mice, and then dissected, washed
twice with 1 x phosphate-buffered saline (PBS) (Sigma), minced into small pieces and digested for 40 min at 37°C in an isolation buffer
containing antibiotics (2.5 pg/mL fungizone, 50 pg/mL gentamicin, 1% pen/strep), 1 mg/mL collagenase | (Sigma) and 1% bovine
serum albumin (BSA) (Sigma). Digested tissues were passed through a sterile 100-pm nylon mesh (BD Falcon) to remove undigested
parts and centrifuged the remaining suspension at 500 x g for 5 min to generate SVF cells in the pellet. The pellet was resuspended in
DMEM/F12 (Invitrogen) medium containing 1% pen/strep and 10% FBS, passed through a 40-um nylon mesh, centrifuged, resus-
pended (as described above), and plated on collagen-coated culture dishes (Corning). When the SVF cells were grown to confluence,
pre-adipocyte differentiation (day 0) was induced by an adipogenic cocktail containing 1 uM rosiglitazone, 5 pg/mL insulin, 1 uM
dexamethasone, 0.5 mM isobutylmethylxanthine for two days. The cells were then maintained in growth medium containing 1 pM
rosiglitazone, 5 ng/mL insulin for two more days. The cells were switched to fresh growth medium for additional two days. By day
6, the mature adipocytes were treated with various conditioned media, chemicals or PTHrP for indicated time before harvesting.
The interscapular BAT SVF cells (sex unknown) were obtained from newborn mice (within postnatal 48 h), which were then minced
into small pieces and digested for 30 min at 37°C in an isolation buffer containing 1.5 mg/mL collagenase | (Sigma), 100 mM HEPES,
5.0 mM glucose, 5 mM KCl, 1.3 mM CaCl,, 123 mM NaCl, 1% pen/strep and 4% BSA. Digested tissues were passed through a sterile
100-pum nylon mesh (BD Falcon) to remove undigested parts and centrifuged the remaining suspension at 500xg for 10 min. The
pelleted SVF cells were resuspended in DMEM (high glucose) plus 20% FBS, and 1% pen/strep, which then were plated and grown
to confluence prior to induction for adipocyte differentiation. Immortalized brown and beige lines (BAC) (sex unknown) were obtained
by infection with the retrovirus encoding SV40T antigen, which were kindly provided by Professor Jiandie D, Lin in USA (Life Sciences
Institute and Department of Cell & Developmental Biology, University of Michigan Medical Center) (Zhao et al., 2014). For adipocyte
differentiation, cells were cultured to confluence and incubated with DMEM (high glucose) plus 10% FBS, 0.125 mM indomethacin,
1 nM triiodothyronine (T3), 20 nM insulin, 5 uM dexamethasone and 0.5 mM isobutylmethylxanthine (Sigma). The cells were then
maintained in growth medium containing 1 nM T3 and 20 nM insulin for an additional four days. By day 6, the mature adipocytes
were switched to growth medium and treated with various conditioned media, chemicals or PTHrP for 24 h before harvesting. Mouse
mesenchymal cell lines C3H10T1/2 (ATCC-CCL-226; sex unknown) and 3T3L1 pre-adipocytes (ATCC-CL-173; sex unknown) were
routinely cultured in DMEM (high glucose) medium containing 10% FBS (Gibco, Thermo Fisher Scientific, USA) and 10% neonatal
calf serum (CS) (Selborne Biological Services, Tasmania, Australia), respectively. The induction procedures of C3H10T1/2 and 3T3L1
cells to matured beige cells were almost the same as those of BAT SVF cells, exept for extra 1 uM rosiglitazone in adipogenic cocktail
during the first two days. The identity of 3T3L1 cells was recently authenticated by STR and all the cells were routinely screened for
mycoplasma absence.
Human ccRCC cell culture and CM preparation
Human ccRCC cell lines 786-0O (ATCC-CRL-1932; sex: male), RCC10 (sex unknown) (a kind gift from Dr. Bo Li, Sun Yat-Sen Univer-
sity, China) (Li et al., 2014), together with human renal tubular epithelial cell line HK2 (ATCC-CRL-2190; sex: male) were cultured in
DMEM (high glucose) containing 10% FBS and 1% pen/strep. All the cells were routinely screened for mycoplasma absence. For CM
collection, 786-O, RCC10 and HK2 cells were plated the day before and the media were changed to FreeStyle expression medium
(12338026; Gibco, Thermo Fisher Scientific, USA) next day. The CM from 786-O (786-O-CM), RCC10 (RCC10-CM) and HK2 (HK2-
CM) were collected 24 h later, centrifuged at 1500 x g for 5 min, and filtered through a 0.22-um filter. Mature, differentiated adipocytes
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were exposed to fresh media mixed with CM from ccRCC or HK2 cells at a ratio of 1:1 (v/v) for 24h. For two-step CM transfer exper-
iments, the CM were replaced with fresh culture medium, and 24 h later the supernatant from the adipocytes (i.e., adipocyte CM) were
collected, centrifuged as above, and filtered using a 0.22-pm filter, then mixed with fresh culture medium at 1:1 ratio culture medium
and applied to treat 786-O or RCC10 cells for 24h for in vitro proliferation and migration assays.

Human samples

The procedures were approved by the Ethics Board at Kunming Medical University (approval no. 2019-047-01) and was registered in
Chinese Clinical Trial Registration (trial registration identifier: ChiCTR1900025504). Study participants with clinical diagnosis of
ccRCC undergoing nephrectomy were given informed consent. The adipose tissue adherent to the tumor or farther away (>5 cm)
from the tumor were obtained from 54 individuals with ccRCC during the surgery. The clinical characteristics of study participants
including sex, age, race, BMI were collected (Table S1). Exclusion criteria were if the study participants had received previous
chemotherapy or pathological diagnosis of non-clear cell RCC. Tissue obtained were fixed with 4% paraformaldehyde or flash frozen
under liquid nitrogen.

METHOD DETAILS

Biochemical reagents

The TKis (axitinib, sorafenib, sunitinib, pazopanib) and PKA inhibitors (H89 and KT5720) were purchased from MedChemExpress
(Monmouth Junction, NJ). In the in vitro experiments, each chemical was dissolved in dimethyl sulfoxide (DMSO) and diluted to their
indicated concentrations with the medium (e.g., final concentration, 20 uM H89 or 5 uM KT5720). In the in vivo experiments, each
chemical was dissolved in vehicle consisting of 5% DMSO (Sigma), 7% dimethyl-acetoacetamide (DMA) (Sigma) and 10% Cremo-
phor El (Sigma) and 77 % corn oil (Sigma). All the other chemicals were purchased from Sigma unless otherwise specified. The PTHrP
(1-34) peptides were synthesized from GLBiochem China (Shanghai, China). The PTHrP (1-34) ELISA kit was purchased from
Phoenix Pharmaceuticals Inc (S-1227, Belmont CA, USA). The neutralizing anti-PTHrP antibody (#MABN793) was purchased from
Millipore (Millipore, Bedford, MA, USA). Normal mouse IgG (sc-2025) was used as a control and obtained from Santa Cruz Biotech-
nology (Santa Cruz CA, USA). The other primary antibodies included anti-UCP1 (Abcam, ab23841; ab10983), anti-OXPHOS (Abcam,
ab1104183), anti-phospho-CREB (CST, #4276S), anti-total CREB (CST, #9197), anti- phospho-HSL (Ser660) (CST, #4126), anti-total
HSL (CST, #4107), anti-phospho-(Ser/Thr) PKA Substrate (CST, #9621), anti-N-cadherin (CST, #13116), anti-vimentin (CST, #5741),
anti-E-cadherin (CST, #3195), anti-Ki67 (Abcam, ab16667), anti-mCherry (Abcam, ab167453), anti-GFP (CST, #2956), anti-PAX8
(CST, #59019), anti-Perilipin1 (CST, #9349), anti-CD36 (Absin, abs120668), anti-PTHR (Absin, abs135215), anti-PKA-Ca/p (Abcam,
ab71764), anti-PTHLH (Absin, abs136052), anti-MCT1 (Absin, abs120479), anti-MCT4 (Absin, abs135215), anti-B-tubulin (CST,
#2146), anti-HSP90 (CST, #4874), anti-a-Actinin (CST, #6487), anti-GAPDH (CST, #5174).

Cell proliferation assay

5-Ethynyl-2-deoxyuridine EdU assay (Beyotime, Shanghai, China) was used to determine the cell proliferative capacity, following the
manufacturer’s protocol. In brief, the proliferating 786-O or RCC10 cells were treated with 10 uM EdU working solution for 2 h at 37°C.
After that, the cells were fixed with 4% paraformaldehyde for 15 min, incubated with 0.1% Triton-X100 for 10 min and stained with
DAPI for 10 min. The images were taken with a fluorescence microscope (Olympus, Tokyo, Japan). The number of EAU positive cells
was analyzed by ImagedJ (Schneider et al., 2012).

Trans-well assays

For migratory assays, 786-O and RCC10 cells were cultured in serum-free medium overnight. Then, cells were seeded in the top
chamber of noncoated membrane (8-um pore size; Corning, NY, USA) and allowed to migrate through the membrane pores.
Next, 786-O or RCC10 cells were treated as indicated. Then the migrating cells were fixed in 4% paraformaldehyde for 10 min, fol-
lowed by washing with PBS three times. The membrane was then stained with 0.5% crystal violet solution for 10 min, followed by
washing with PBS three times. Non-migrating cells on the upper side of membrane surface were wiped off with a cotton swab.
The membrane was air-dried and then photographed with a light microscope (Olympus, Tokyo, Japan). The number of migrated cells
was quantified by Imaged.

Histological evaluation and immunohistochemistry

For histological examination, tissues as indicated were harvested, fixed with 4% paraformaldehyde in PBS, embedded into paraffin
blocks, sectioned (5 pum) and then stained with H&E (Sigma) following standard protocol. Bright-field images were acquired using a
microscope (OLYMPUS BX51, Japan). For adipocyte size quantification, Adiposoft software (NIH, Bethesda, MD) was used for anal-
ysis following previous protocol (Galarraga et al., 2012). Forimmunohistochemistry (IHC) analysis, deparaffinized sections were incu-
bated with primary anti-UCP1 antibody (1:200, Abcam) at 4°C overnight, and then incubated species-appropriate secondary anti-
bodies (1:500, Jackson). The images were taken with an inverted microscope (Olympus, Tokyo, Japan).

Immunofluorescence
For fluorescent multiplex immunohistochemistry (mIHC) analysis, a five-color fluorescence kit based on tyramide signal amplification
(TSA) were used following the manufacturer’s protocol (abs50013, Absin Bioscience, China) (Zhang et al., 2017). In brief, tissue
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sections were incubated with primary antibodies as described in the above IHC protocol in two or three sequential cycles before
application of corresponding secondary antibodies (PerkinElmer) and TSA solution for AlexaFluor488, AlexaFluor555, AlexaFluor594
and AlexaFluor647, respectively. The following primary antibodies were used: anti-Ki67 (1:200, Abcam), anti-PAX8 (1:200, CST), anti-
UCP1 (1:2000, Abcam), anti-Perilipin1 (1:200, CST), anti-GFP (1:200, CST), anti-mCherry (1:400, Abcam). After the last TSA cycle,
DAPI was counterstained at a dilution of 1:1000 for 10 min. Fluorescent images (300 ms exposure time) were obtained with an Ax-
iolmager.Z2 microscope (Carl Zeiss, Germany).

RNA isolation and RT-qPCR

Total RNA was extracted from frozen tissues or cultured cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA) and then under-
went reverse transcription and analyzed by RT-gPCR using commercial kits (Vazyme Biotech, Nanjing, China) (Wei et al., 2020). Re-
actions were conducted in the 384-well format with a LightCycler 480 Il Instrument (Roche Diagnostics, Mannheim, Germany) and
relative mRNA abundance was normalized to ribosomal 18S RNA or cyclophilin A using 2-AAC; method. Primer sequences used are
listed in Tables S2 and S3.

Western blotting

Total protein from cells or tissues was harvested with ice-cold RIPA buffer (10 mM Tris, 150 mM sodium chloride, 0.5% sodium
deoxycholate, 1% Triton X-100, 0.1% SDS, 1% NP-40, pH 7.4) plus protease inhibitor cocktail (Thermo Fisher Scientific) and
phosphatase inhibitor cocktail (Roche). Equivalent amounts of protein were separated on 10% or 12% SDS-PAGE, trans-
blotted onto 0.22-pm PVDF membrane (Merckmillipore, Burlington, MA, USA). Membranes were blocked with 5% skimmed
milk (w/v) in TBST buffer for 1 h and incubated with the indicated primary antibodies with gentle rocking overnight at 4°C. Mem-
branes were further incubated with the corresponding HRP-conjugated secondary antibodies (Jackson, 1:5000) for 1.5 h at
room temperature. Finally, protein bands were imaged using enhanced chemiluminescence detection kit (Pierce ECL Plus,
Thermo Scientific) and analyzed with a luminescent image analyzer (ImageQuant LAS 4000 or Amersham Imager 600, GE
Healthcare Life Sciences).

Plasmid constructs and lentivirus preparation

For silencing specific genes, lentiviral-based shRNA constructs in the pLKO.1 vector were obtained from The RNAi Consortium li-
brary (Broad Institute, MIT and Harvard, Cambridge, MA, USA). For engineering target gene KO cell clones using CRISPR/Cas9 sys-
tem, all sgRNAs were designed according to the website (https://tools.synthego.com/) and cloned into the lenti-CRISPR-V2 plas-
mids (Addgene) (Sanjana et al., 2014). The pCDH plasmids with the reporter genes mCherry or GFP (Addgene) were used for
labeling the 786-O and BAC cells, respectively. For lentivirus production, plasmids were prepared using the commercial Endofree
plasmid purification kit (QIAGEN) and packaged into viral particles following manufacturer’s protocol. Briefly, lentiviruses were pro-
duced in 293T cells (ATCC, sex: female) by transient co-transfecting three plasmids including the lentiviral vector, psPAX2, and
pMD2.G. At 48 h post-transfection, virus-containing supernatants were harvested, clarified by centrifugation at 800xg for 10 min,
filtered through 0.45-pm filters and used directly for transduction of tumor cells or BAC. Then the transduced cells were selected
by flow cytometry (FACS Calibur, BD Biosciences, Franklin Lakes, CA, USA) or puromycin (Sigma, final centration of 2 ug/mL).

Determination of lactate content

Brown and white fat pads or differentiated mature adipocytes treated with or without PTHrP (50 ng/mL) were cultured in 12-well
plates for 3 h or 24 h in serum-free DMEM. Then the cellular supernatants were collected, and the lactate concentration was
measured using colorimetric L-lactate assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the man-
ufacturer’s instructions.

Measurements of lipolysis in vitro

Lipolytic activities were assessed by measuring glycerol and FFA release as previously described (Yuan et al., 2017; Li et al., 2015). In
brief, fully differentiated mature adipocytes were cultured in a 24-well plate in serum-free DMEM, with or without PTHrP (50 or 100 ng/
mL) or H89 (20 uM) for 3 h, and the medium in each well was collected for lipolytic measurement. Extracellular glycerol was extracted
and measured by EnzyChrom Adipolysis Assay Kit (BioAssay Systems, Hayward, CA, USA) following the manufacturer’s instruc-
tions. FFA levels were assessed by enzymatic colorimetric method (LabAssayTM NEFA, Wako, Tokyo, Japan) according to manu-
facturer’s instructions. Glycerol and FFA levels were normalized to total cellular protein amount using the BCA protein assay (Thermo
Fisher Scientific).

Measurement of mitochondrial copy number

Total DNA was isolated from tumor-adjacent adipose tissues and distal adipose tissues of ccRCC patients with the EasyPure
Genomic DNA Kit (Transgene, China) according to the manufacturer’s instructions. DNA concentrations were assessed with a Nano-
drop 2000 (Thermo Fisher Scientific) and diluted to final concentrations of 5 ng/mL with ddH,O. mtDNA copy number relative to
genomic DNA content was quantified with a LightCycler 480 Il Instrument (Roche Diagnostics, Mannheim, Germany). Primer se-
quences for COX Il and B-globin were as follows COX II: (forward) GCCGACTAAATCAAGCAACA, (reverse) CAATGGGCATAAAGC-
TATGG; and B-globin: (forward) GAAGCGATTCTAGGGAGCAG, (reverse) GGAGCAGCGATTCTGAGTAG.
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MitoTracker staining

Mature adipocytes differentiated from C3H10T1/2 cells were treated with DMSO or PTHrP (50 ng/mL) for 24 h. Cells were cultured
with pre-warmed medium containing 200 nM MitoTracker Red probe (Invitrogen) for 30 min and then washed twice with fresh me-
dium. Cells images were immediately captured with a fluorescence microscope (Nikon) after staining.

Seahorse XFe96 measurements

The Seahorse Bioscience XF(e)96 Flux Analyzer Agilent Technologies) was used to measure the OCR or ECAR of mature ad-
ipocytes and tumor cells according to the manufacturer’s protocol (Calton et al., 2016). In brief, C3H10T1/2 cells were differ-
entiated for 5 days and seeded at a density of 3.5x10% cells/well into 96-well plates and allowed for adherent to the bottom
overnight, followed by treatment with the corresponding CM (from HK2 cells or 786-O cells or RCC10 cells) or PTHrP for
additional 24 h. The mitochondrial stress test utilizes sequential injections of oligomycin (4.5 uM), Carbonyl cyanide 4-(trifluor-
omethoxy) phenylhydrazone (2 pM, FCCP), and rotenone/antimycin A in combination (1 uM). The parameters of basal respi-
ration, uncoupled respiration and maximal respiration were automatically calculated by the WAVE software (Agilent). For
measuring EACR, the glycolytic stress test utilizes sequential injections of glucose (10 mM), oligomycin (4.5 uM), and 2-de-
oxyglucose (50 mM, 2DG). To eliminate the influence caused by mitochondrial-derived CO,, we performed seahorse assay
with the Seahorse XF Glycolytic Rate Assay kit (103344-100, Agilent Technologies) and the basal OCR and ECAR were
measured followed by injecting rotenone/antimycin A (2 uM) and 2-DG (50 mM) sequentially. The proton efflux rates of glycol-
ysis (glycoPER) were automatically calculated by the WAVE software (Agilent). For detecting lactate-dependent OCR, 786-O
cells were seeded at a density of 5x10° cells/well into 96-well plates and allowed for adhesion overnight. Cells were incu-
bated in XF assay medium (containing 10 mM glucose and 2 mM L-glutamine) for 1 h without CO, before oxygen consump-
tion analysis. After basal measurement, various concentration of lactate (1 mM-15 mM) was injected into the wells and
lactate-induced OCR were detected for 5 cycles followed by 7ACC1 (10 uM) addition. To determine OCR from FAO, HK2,
786-0 and RCC10 cells were seeded at a density of 5x10% cells/well into and allowed for adhesion overnight. OCR of the
above cells were measured under basal condition for 4 cycles and after administrating the cells with the inhibitor of FAO
rate-limiting gene CPT1a. (Eto, 2 uM). All parameters were normalized to total protein amount in individual wells using the
BCA protein assay (Thermo Fisher Scientific).

Metabolic flux assay

786-0 cells were seeded in 15 cm diameter petri-dishes with DMEM (high glucose) (Gibco) containing 10% FBS, 100 U/mL penicillin,
and 100 pg/mL streptomycin and were cultured in 37°C with 5% CO,. After 24 h incubation, media were removed and cells were
washed with PBS for three times before the addition of DMEM (without glucose) supplemented with 10 mM label-free glucose
and 5 mM label-free lactate or [U-"3C5]-lactate (Cambridge Isotope Laboratory, Tewksbury, MA). Media and cells were then collected
after extra 24 h incubation. For metabolite extraction, cells were homogenized with 600 pL cold methanol aqueous solution (Vmethanol:
Vwater = 5:1, -20°C, overnight), then the cells were lysed by three freeze-thaw cycles and ultrasonication-break (1 min each) for eight
cycles in anice-bath (Wu et al., 2014), and supernatant were collected after centrifugation (12000xg, 4°C, 10min). The remaining pel-
lets were further extracted twice with the same procedure. The supernatants were pooled together. Media extracts were clarified with
2 volumes of cold methanol (-20°C, overnight) to precipitate the protein, and then centrifuged (1600xg, 10 min) to collect supernatant.
For measurement of lactate-derived metabolites, the supernatants of cell or media extracts were lyophilized, and the powders of
extracts were re-dissolved in 600 pL phosphate buffer in D,O (0.1M, pD7.4) for Q-1D-HMBC and completely relaxed '"H-NMR spectra
analysis (Wan et al., 2017; Dai et al., 2010). For measurement of intermediates in TCA cycle by mass spectrometry, the lyophilized
samples after NMR analysis were redissolved in 100 uL 50% aqueous methanol respectively.

NMR and UPLC-ESI-MS/MS analysis

All NMR spectra were obtained at 298K on a Bruker Avance Il 600 MHz NMR spectrometer (operating at 600.13 MHz for 1H) equip-
ped with an inverse cryogenic probe. For the NMR-based metabolic flux analysis of cell and medium samples, K;HPO,4 and NaH,PO,4
were employed to prepare the phosphate buffer (0.1 M, pD 7.4) in D,O containing 0.1% NaN3 (w/v) and 7.725 mM TSP (as internal
standard) for optimal solubility and buffering capacity (Xiao et al., 2009). All one-dimensional "H-NMR spectra were manually cor-
rected for phase and baseline using TOPSPIN software with chemical shift referenced to the TSP signal (50.00). The resonances
were assigned to specific metabolites based on the in-house developed databases. Peak deconvolution and integration were per-
formed using MestReNova (V8.1.0, Mestrelab Research S. L.).

LC-MS data were acquired on a Waters ACQUITY UPLC Xevo G2-XS QTOF (Waters, Milford, USA) with ESI ion source in the nega-
tive ion mode. Each sample (1 pL) was analyzed using a Waters BEH C18 column (2.1*100 mm, 1.7 um) at 40 °C with mobile phase A
(0.1% formic acid in water) and mobile phase B (0.1% formic acid in methanol) with a flow rate of 0.35 mL/min. An optimized chro-
matographic method was established and the elution gradient was used as follows: 0-1min, 2%B; 1-3min, 2%-15% B; 3-4 min, 15%-
50%B; 4-5min, 50%-95%B; 5-8min, 95%B; 8-8.1min, 95%-2%B, 8.1-12min, 2%B. MS was scanned from 50 Da to 1200 Da with
scan mode. The capillary voltage was 1.5 kV. Sampling cone gas flow rate was 50 L/h with 30 V voltage. The source temperature
and desolvation temperature were 120 °C and 500 °C, respectively. Desolvation gas flow rate was 800 L/h. Metabolite identification
was confidently ensured by matching the precursor ions, product ions, and retention times with the corresponding standard
compounds.
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Lung metastasis assay

For lung metastasis model, 1 x 108 Luc-expressing 786-O cells were injected into the tail vein of BALB/c nude mice (aged 4 to
6 weeks, GemPharmatech). The progression of metastases was monitored 6 and 8 weeks later by bioluminescent (BL) imaging using
the IVIS@ Lumina Il system (Caliper Life Sciences, Hopkinton, MA) 10 min after intraperitoneal injection of 100 uL of D-luciferin
(15 mg/mL). Mice were euthanized, and lungs were harvested for monitoring the metastases by the IVIS@ Lumina Il system (Caliper
Life Sciences, Hopkinton, MA) and then were subjected to 4% paraformaldehyde for the subsequent hematoxylin-eosin staining. For
lung nodules analysis, a minimum of three sections were excised at 100 um intervals and metastases in each section were counted
manually on an Axiolmager.Z2 microscope (Carl Zeiss, Germany).

Orthotopic tumor growth

Male BALB/c nude mice (aged 4 to 6 weeks, GemPharmatech) were anesthetized and placed in a lateral position (right side down) for
orthotopic xenograft studies as described previously (Qu et al., 2016). Briefly, a skin incision (5- to 7- mm) was made and the abdom-
inal cavity was opened along the left flank of the mouse. Then the left kidney was pushed out with gentle pressure by two fingers. For
orthotopic injection, 2 x 10° Luc-expressing 786-O cells were resuspended in 20 pL PBS and injected orthotopically into the sub-
capsular space of the left kidney. After injection, a sterile cotton tip was used to prevent leakage of tumor cells and local bleeding.
Then, the abdomen and the skin were in turn closed with a re-absorbable suture. To monitor tumor growth, the mice were imaged
after 6 and 8 weeks by bioluminescence using the IVIS@ Lumina Il system (Caliper Life Sciences, Hopkinton, MA, USA) 10 min after
intraperitoneal injection of 100 uL of D-luciferin (15 mg/mL). Mice were then euthanized, and lungs were harvested for monitoring
metastases using the IVIS@ Lumina Il system (Caliper Life Sciences) and then fixed with 4% paraformaldehyde for subsequent he-
matoxylin-eosin staining. For lung nodule analysis, a minimum of three sections were excised at 100 um intervals, and metastases in
each section were counted manually on an Axiolmager.Z2 microscope (Carl Zeiss, Germany).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were presented as the means + standard error of mean (SEM) unless otherwise described. The normality of data distribution
was analyzed by Shapiro-Wilk test and Kolmogorov-Smirnov test. Normally distributed data were statistically analyzed using un-
paired two-tailed Student’s t tests or paired t tests or One-way analysis of variance (ANOVA) or Two-way ANOVA using GraphPad
Prism 7.0 software. Non-normally distributed data were analyzed using non-parametric test. The data from TCGA database were
analyzed with Statistics::TTest or log-rank test as previously described (Chandrashekar et al., 2017). p < 0.05 was considered as sta-
tistically significant. The mice were randomly distributed into different groups in all experiments. Experiments of imaging and histol-
ogy were also performed in a blinded fashion. The sample size in each study was based on experience with previous studies in our lab
(Chen et al., 2021). No data points were excluded from the study.
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