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Utilizing the thermogenic capacity of brown adipose tissue is a potential anti-
obesity strategy; therefore, the mechanisms controlling expression of thermo-
genesis-related genes are of interest. Pyruvate kinase (PK) catalyzes the last
step of glycolysis and exists as four isoenzymes: PK, liver, PK, red blood cell,
PK, muscle (PKM1 and PKM2). PKM2 has both glycolytic and nuclear
functions. Here, we report that PKM2 is enriched in brown adipose compared
with white adipose tissue. Specific knockdown of PKM2 in mature brown adi-
pocytes demonstrates that silencing of PKM2 does not lead to a decrease in
PK activity, but causes a robust upregulation of thermogenic uncoupling pro-
tein 1 (Ucpl) and fibroblast growth factor 21 (Fgf21) gene expression. This
increase is not mediated by any of the known mechanisms for PKM2-
regulated gene expression, thus implying the existence of a novel mechanism
for PKM2-dependent effects on gene expression.

Keywords: brown adipose tissue; Fgf21; glycolysis; metabolism; obesity;
pyruvate kinase; thermogenesis; Ucpl

Brown adipose tissue (BAT) is specialized in nonshiver-
ing thermogenesis [1,2]. The protein responsible for this
process is uncoupling protein 1 (UCP1) that is located
in the inner mitochondrial membrane where it uncou-
ples the electron transport chain and thus oxygen con-
sumption from ATP production. BAT is important for
rodents to defend their body temperature in response to
prolonged cold exposure and has been demonstrated to
counteract obesity [2,3], and the presence and activity of
BAT in humans is now well established [1]. In addition
to Ucpl, thermogenesis-related genes that are enriched

Abbreviations

in brown and brown-like adipocytes include fibroblast
growth factor 21 (Fgf21), cell death-inducing DFFA-
like effector a (Cidea), type 2 iodothyronine deiodinase
(Dio2), and peroxisome proliferator-activated receptor y
coactivator la (Ppargcla) [4-8]. Regulation of these
‘thermogenic’ genes is important to understand, as
recruitment of thermogenic capacity of BAT is consid-
ered an anti-obesity strategy [9].

We have previously reported an extensive regulation
of genes encoding enzymes involved in glucose meta-
bolism, including glycolysis, in BAT from cold-exposed

BAT, brown adipose tissue; CCND1, cyclin D1; CIDEA, cell death-inducing DFFA-like effector a; CTNNB1, B-catenin; DIO2, type 2 iodothy-
ronine deiodinase; FGF21, fibroblast growth factor 21; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GLUT, glucose transporter;
LDH, lactate dehydrogenase; MEK5, mitogen-activated protein kinase kinase 5; MYC, v-myc avian myelocytomatosis viral oncogene homo-
log; PK, pyruvate kinase; PKL, PK, liver; PKM, PK, muscle; PKR, PK, red blood cell; PPARGC1A, peroxisome proliferator-activated receptor y
coactivator-1a; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; SEM, standard error of the mean; siRNA, small
interfering RNA; TBP, TATA-binding protein; TFIIB, transcription factor Il B; UCP1, uncoupling protein 1.
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mice [10,11]. In the present study, we have specifically
investigated pyruvate kinase (PK), the enzyme catalyz-
ing the final step of glycolysis, and the formation of
pyruvate and ATP from phosphoenolpyruvate and
ADP. Four mammalian PK isoenzymes exist as fol-
lows: PK, liver (PKL) (liver isoform), PK, red blood
cell (PKR; red blood cell isoform), PKM1 and PKM?2
(muscle isoforms). PKL and PKR are expressed in liver
and erythrocytes, respectively, and are encoded by the
same gene (Pklr), but are expressed under the control
of different tissue-specific promoters [12]. PKM1 and
PKM?2 are generated by alternative splicing of tran-
scripts from the Pkm gene and differ by only one exon
encoding 56 amino acids [13]. PKMI is expressed in tis-
sues where large amounts of energy have to be pro-
vided rapidly, for example, skeletal muscle and brain.
PKM2 was earlier thought only to be expressed during
embryogenesis, but has later been established to also be
expressed in many cancers and some differentiated tis-
sues, that is, lung, pancreatic islets, and adipose tissue
[14,15]. PKM?2 is considered important for aerobic gly-
colysis, that is, conversion of glucose to lactate under
normoxic conditions, in cancer cells, a phenomenon
known as the Warburg effect [16]. Even though PKM?2
is a cytosolic enzyme involved in glycolysis, it also con-
tains an inducible nuclear localization signal [17]. In
the nucleus, PKM2 can act as a cofactor for several
transcription factors [18] and as a dual-specificity pro-
tein kinase [19].

KMI1 and PKM2 possess both overlapping and
nonoverlapping functions. Expression of both PKM
isoforms is increased by thermogenic activation in
BAT [10,11]. Here, we have investigated the signifi-
cance of the two isoforms by specifically depleting
PKMI1 or PKM2 in mature brown adipocytes. We
found that knockdown of PKM2, but not PKMI,
augmented the expression of selected thermogenic
genes.

Materials and methods

Mouse tissues

Tissues were obtained from five 3-month-old female
C57BL/6 mice. Dissected tissues were immediately frozen
in liquid nitrogen and stored at —80 °C until analysis.

Culture of cell lines

The WT-1 cell line was kindly provided by C. Ronald Kahn
[20]. It was established by immortalization of brown preadi-
pocytes from newborn mice with simian virus 40 large T anti-
gen. WT-1 cells were propagated in Dulbecco’s modified
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Eagle’s medium (#52100; Life Technologies, Naerum, Den-
mark) supplemented with 10% FBS (#10270-106; Life Tech-
nologies), 62.5 ug'mL™' penicillin, and 100 pg-mL™"
streptomycin (#15140-122; Life Technologies). Two days
postconfluent, WT-1 cells (designated day 0) were induced to
differentiate in propagation medium supplemented with
1 pm  dexamethasone (#D1756; Sigma-Aldrich, Soeborg,
Denmark), 0.5 mm 3-isobutyl-1-methylxanthine (#I5879;
Sigma-Aldrich), 5 pgmL~! insulin (#11376497001; Roche,
Hvidovre, Denmark), and 1 uwm rosiglitazone (#71740; Cay-
man Chemical, Ann Arbor, MI, USA). At day 2, cells were
refreshed with medium containing 5 pg-mL~' insulin and
1 puMm rosiglitazone. From day 4, the cells were cultured in
WT-1 propagation medium without the supplements. Cell
cultures were kept at 37 °C in a humidified atmosphere with
5% CO,,

Isolation and culture of primary adipocytes

Primary brown adipocytes from interscapular, cervical, and
axillary BAT from 3- to 4-week-old NMRI mice of either
sex were isolated as described [21]. The cell pellet was
resuspended in culture medium and plated in 6-well plates.
Cultures were incubated in a humidified atmosphere of 8%
CO, at 37 °C. The cell culture medium was changed at
days 1, 3, 5, and 7 after plating.

Replating and reverse small interfering RNA
transfection of mature adipocytes

Mature adipocytes (day 6 for WT-1 cells and day 8§ for pri-
mary brown cultures) were reverse-transfected with small
interfering RNAs (siRNAs) as described [21]. The final con-
centrations of transfection reagent and siRNA were
5 pL-mL~! and 50 nm, respectively, for WT-1 cells replated
into 96-well plates, and 9 uL-mL ™' and 90 nwm, respectively,
for primary brown adipocytes replated into 48-well plates.
Mature adipocytes were harvested 4 days after transfection.
The MISSION siRNAs (Sigma-Aldrich) used were as fol-
lows: siPKM1 (SASI_Rn01_00106843), siPKM2 (SASI_
MmO01_00036290), siFGF21  (SASI_MmO01_00050275),
siCCND1 (SASI_MmO01_00041294), and siMYC (SASI_
MmO01_00157475). The MISSION siRNA  Universal
Negative Control #1 (#SIC001) (siNEG) was used as control
in all experiments.

RNA extraction and real-time quantitative PCR

Total RNA was purified using TRI Reagent (#T19424;
Sigma-Aldrich) according to the instructions of the manu-
facturer, and reverse transcription and real-time quantita-
tive PCR (RT-qPCR) were performed as described [22],
except that SensiFAST SYBR Lo-ROX Kit (#BI0-94005;
Bioline, London, UK) and RNaseOUT Recombinant
Ribonuclease Inhibitor (#10777019; Life Technologies)
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were used. Relative mRNA levels were determined by nor-
malization to expression levels of TATA-binding protein
(Tbp).

Primers used were as follows:

Cendl, fwd-GAGCTGCTGCAAATGGAAC, rev-CTCT
GGCATTTTGGAGAGGA;

Cidea, fwd-AAAGGGACAGAAATGGACAC, rev-TT
GAGACAGCCGAGGAAG;

Dio2, fwd-CAGTGTGGTGCACGTCTCCAATC, rev-T
GAACCAAAGTTGACCACCAG;

Fgf-21, fwd-AGATGGAGCTCTCTATGGATCG, rev-G
GGCTTCAGACTGGTACACAT;

Glutl, fwd-GGACCCTGCACCTCATTG, rev-GCCAC-
GATGCTCAGATAGG;

Ldha, fwd-TAATGAAGGACTTGGCGGAT, rev-TTG
GAGTTCGCAGTTACACA;

Mek5, fwd-CAACGGCCAGATGAATGAA, rev-AAG
GATTTCCAGCTCAGACA;

Myc, fwd-TAGTGCTGCCATGAGGAGACAC, rev-CC
ACAGACACCACATCAATTT;

Pklr, ftwd-GAGTCTTCCCCTTGCTCTACC, rev-CCTG
TCACCAATCACCA;

Pkml, fwd-CTGCTGTTTGAAGAGCTTGTG, rev-GA
GTCACGGCAATGATAGGA;

Pkm2, fwd-TGCTGCAGTGGGGCCATTAT, rev-GAG
TCACGGCAATGATAGGA,;

Ppargcla, fwd-AGCCGTGACCACTGACAACG-AG,
rev-GCTGCATGGTTCTGAGTGCTAAG:;

Thp [23], fwd-ACCCTTCACCAATGACTCCTATG,
rev-ATGATGACTGCAGCAAATCGC; and.

Uepl, twd-AGCCGGCTTAATGACTGGAG, rev-TCT
GTAGGCTGCCCAATGAAC.

Whole-cell extracts and immunoblotting

Whole-cell extracts were prepared as described [24]. Glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) and tran-
scription factor II B (TFIIB) were both used as loading
controls in Fig. 1B, as we were unable to identify a loading
control with stable levels between tissues. Primary antibodies
used were PKM1 (#SAB4200094; Sigma-Aldrich), PKM2
(#SAB4200095;  Sigma-Aldrich), GAPDH (#Ab8245;
Abcam, Cambridge, UK), UCP1 (#Ab10983; Abcam), and
TFIIB (#sc-225; Santa Cruz Biotechnology, Heidelberg,
Germany). Secondary antibodies used were horseradish per-
oxidase-conjugated goat anti-mouse (#P0447; Dako,
Glostrup, Denmark) and anti-rabbit (#P0448; Dako).

FGF21 ELISA

Four days after transfection with siNEG, siPKMI, or
siPKM2, the cell culture medium was collected and cen-
trifuged at 10 000 r.p.m. for 3 min at 4 °C. FGF21 concen-
trations were determined as described [25].
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Pyruvate kinase activity measurements

PK activity measurements were performed with the PK
Activity Assay Kit (#MAKO072; Sigma-Aldrich) according to
the instructions of the manufacturer. Reverse siRNA trans-
fections were performed in WT-1 adipocytes at day 6, and at
day 10, cells were harvested in PK Assay Buffer. Colorimet-
ric measurements were performed on an Envision multiplate
reader (Perkin—Elmer) with absorbance at 570 nm.

Statistical analyses

For WT-1 cells, three wells were harvested for each condition
in each independent experiment. For primary brown cultures,
two wells were harvested for each condition in each indepen-
dent experiment. Data represent mean of means of three to
four independent experiments + standard error of the mean
(SEM). Statistical significance in the RT-qPCR data was
determined on log-transformed data. Statistical significance
for RT-qPCR, medium, and enzyme activity measurements
was determined through 95% confidence intervals as calcu-
lated by paired one-way analysis of variance (ANOVA) (Figs
2D,E and 3B) or two-way ANOVA with Dunnett’s correction
for multiple comparisons (Figs 2A,C,F, 3A and 4A,B).

Results

PKM2 is highly expressed in brown adipose
tissue

We have previously shown that the expression of PKs is
induced in BAT by cold exposure and by B-adrenergic
stimulation in primary brown adipocytes and in the
brown adipocyte cell line WT-1 [11]. To gain insight
into the expression levels and differences in expression
between the different isoenzymes of PK, we profiled the
mRNA levels of Pklr, Pkml, and Pkm?2 in different
mouse tissues. Pk/r was highly expressed in the small
intestine and liver, and PkmI mRNA was detected at
the highest level in skeletal muscle (Fig. 1A). The Pkm?2
mRNA was detectable in all tissues but was most abun-
dantly present in the small intestine and BAT. In BAT,
the mRNA level of Pkm2 was fivefold higher than
Pkml and nearly 1000-fold higher than Pklr. Thus, in
BAT, Pkm?2 was the most highly expressed isoform. The
same pattern was observed at the level of protein where
PKMI1 was present at the highest level in skeletal mus-
cle, and PKM2 was most abundant in BAT (Fig. 1B).

Knockdown of PKM2 in brown adipocytes
increases UCP1 and FGF21 levels

To study the possibly different roles of the two PKM
isoforms, we performed knockdown experiments with
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(n=2).

siRNAs in mature WT-1 brown adipocytes [21]. The
WT-1 brown preadipocytes were differentiated into
mature adipocytes, transfected with control siRNA
(universal negative siRNA, siNEG), siPKMI, or
siPKM?2, and harvested four days later. Knockdowns
were verified at both mRNA (~ 95% for both Pkml
and Pkm?2) and protein levels (Fig. 2A,B). We mea-
sured the expression of different thermogenic genes by
RT-gPCR. Remarkably, knockdown of PKM2 led to
significantly increased expression of Ucpl (eightfold),
Fgf21 (ninefold), and Cidea (twofold) compared with
cells transfected with siNEG (Fig. 2C). No change was
observed for two other thermogenic genes, Ppargcla
and Dio2. Correspondingly, we observed increased
levels of UCPI1 protein and secreted FGF21 in PKM2-
depleted brown adipocytes compared with control and
PKMl-depleted cells (Fig. 2B,D). Of notice, the
increased expression of selected thermogenic genes was
not accompanied by a decreased PK activity in
PKM2-silenced adipocytes (Fig. 2E). However, knock-
down of PKMI resulted in a 40% decrease in PK
activity (Fig. 2E).

To investigate whether the observations in the WT-1
cell line would be valid also for primary adipocyte cul-
tures, we performed siRNA transfections with siNEG,
siPKM1, or siPKM2 in mature spontaneously differen-
tiated primary brown adipocytes. Expression of Pkml
and Pkm2 was significantly reduced in response to
transfection with siPKM1 or siPKM2, respectively, as

FEBS Letters 594 (2020) 1218-1225 © 2019 Federation of European Biochemical Societies

determined by RT—qPCR (Fig. 2F). Knockdown of
PKM2 in primary brown adipocytes, but not of
PKMI1, enhanced the expression of Ucpl and Fgf21.
Taken together, PKM?2 appears to regulate expression
of certain thermogenesis-related genes such as Ucpl in
brown adipocytes in a manner not linked to its PK
activity.

FGF21 does not mediate the increased
expression of Ucp1 in response to knockdown of
PKM2

FGF21 is a known regulator of thermogenic gene
expression in adipose tissue [4]. Since the secretion of
FGF21 was increased in PKM2-depleted cells, we
investigated whether the action of PKM2 on Ucpl
mRNA levels was mediated through FGF21. We per-
formed knockdown experiments in WT-1 cells with
siNEG, siPKM2, siFGF21, or a combination of the
latter two. As above, knockdown of PKM2 led to a
significantly increased expression of Ucpl and Fgf21]
(Fig. 3A). We did not obtain a significant knock-
down of the Fgf2I mRNA with siFGF21 alone
(Fig. 3A), but a significant decrease in secreted
FGF21 was observed (Fig. 3B). When combining
siPKM?2 and siFGF21, the induction of Fgf2l expres-
sion obtained by PKM2 knockdown was attenuated
and FGF21 secretion was decreased to below control
values. Despite FGF21 secretion not being induced
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siRNA transfection of mature WT-1 adipocytes with siNEG, siPKM1, or siPKM2 was performed at day 6 of differentiation, and the cells
were harvested 4 days later. (A) Relative mRNA levels of Pkm1 and Pkm2 were determined (n = 4). (B) Immunoblotting analyses of PKM1,
PKM2, and UCP1 of WT-1 brown adipocytes harvested 4 days after siRNA transfection. TFIIB was used as loading control (n = 2). (C)
Relative mRNA levels of Ucpl, Fgf21, Cidea, Ppargcia, and Dio2 were determined. The results are shown as fold change compared with
siNEG (n = 4). (D) Fold difference in secreted FGF21 measured in the cell culture medium compared with siNEG (n = 3). (E) Fold difference
in PK activity measured in PKM1- and PKM2-depleted adipocytes compared with siNEG (n = 3). (F) Reverse siRNA transfection of primary
brown adipocytes with siNEG, siPKM1, or siPKM2 was performed 8 days after isolation, and the cells were harvested 4 days later. Relative
mRNA levels of Pkm1, Pkm2, Ucpl, and Fgf21 were determined and shown as fold change compared with siNEG (n = 4). Data represent
mean of means + SEM. *P < 0.05 versus siNEG.
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mature WT-1 adipocytes with siNEG, siPKM2, siFGF21, or the combination of the latter two was performed at day 6 of differentiation, and
the cells were harvested 4 days later. Relative mRNA levels of Pkm2, Ucpl, and Fgf21 were determined and shown as fold change
compared with siNEG. (B) Fold difference in secreted FGF21 measured in the cell culture medium compared with siNEG. Data represent
mean of means + SEM (n = 4). *P < 0.05 versus siNEG.

when combining siPKM2 and siFGF21, PKM2 increase in Ucpl expression induced by PKM2 deple-
knockdown still led to a significantly increased tion is not mediated by increased FGF21 secretion to
expression of Ucpl. These results indicate that the the medium.
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were determined and shown as fold change compared with siNEG. Data represent mean of means + SEM (n = 4). *P < 0.05 versus siNEG.

Cyclin D1 and MYC do not mediate the increased
expression of Ucp1 in response to knockdown of
PKM2

As the effect of PKM2 knockdown was not mediated
via secreted FGF21, we examined possible nuclear
mediation of the effect. PKM2 contains an inducible
nuclear localization signal, and in the nucleus, PKM2
can act as a cofactor for several transcription factors
[17,18]. We therefore measured the expression of five
known target genes of the three established transcrip-
tional pathways downstream of PKM?2. One of the
main transcriptional pathways downstream of PKM2 is
the hypoxia-inducible factor lo pathway in which
PKM2 acts as a coactivator to increase expression of
genes such as glucose transporter 1 (Glutl) and lactate
dehydrogenase A (Ldha) [26]. If the effect of PKM2 on
Ucpl and Fgf21 gene expression was mediated via the
HIF-1a pathway, the PKM2-HIF-1a module would be
predicted to exert a negative effect on transcription of
the Ucpl and Fgf21 genes, and in addition, it would be
expected that Glutl and Ldha would be decreased by
PKM2 knockdown. However, knockdown of PKM?2
had no impact on expression of Glutl and Ldha in WT-
1 adipocytes (Fig. 4A). Therefore, the HIF-1a pathway
is not likely to be involved in the PKM2-mediated
negative effect on Ucp/ and Fgf2] mRNA levels.
PKM2 can also activate transcription of the mito-
gen-activated protein kinase kinase 5 (Mek5) gene by
phosphorylating the signal transducer and activator of
transcription 3 [19]. However, knockdown of PKM?2 in
WT-1 brown adipocytes had no impact on expression
of Mek5 (Fig. 3A). This indicates that the MEKS5-
STAT pathway is not involved in the PKM2-depen-
dent inhibition of Ucpl and Fgf2] gene expression.
Thirdly, in other cell systems, a complex of PKM2 and
B-catenin (CTNNBI1) has been shown to promote

FEBS Letters 594 (2020) 1218-1225 © 2019 Federation of European Biochemical Societies

transcription of the cyclin D1 (Ccendl) and v-myc avian
myelocytomatosis viral oncogene homolog (Myc) genes
[18,27]. Knockdown of PKM?2 in WT-1 adipocytes, but
not PKMI, decreased the expression of Ccndl and
tended to decrease the expression of Myc (Fig. 4A). To
examine whether the decreased expression of Ccendl or
Myc could explain the PKM2 effect on thermogenic gene
expression, we examined the effect of knocking down
CCNDI or MYC (or PKM2) in mature WT-1 adipo-
cytes (Fig. 4B). Transfection with siCCND1 had a signifi-
cant effect on the mRNA level of Cendl, but this was not
associated with any effect on Ucpl or Fgf21 gene expres-
sion. Similarly, transfection with siMYC led to a signifi-
cant reduction in the mRNA levels of Myc, Pkm2, and
Ccendl, which is consistent with both Pkm2 and Ccndl
being known target genes of MYC [28,29]. MYC deple-
tion led to a modest, yet significant, increase in Fgf2/
expression, but had no effect on Ucpl expression.

Since we observed that knockdown of PKM?2 caused a
downregulation of Ccndl and Myc expression, it suggests
that the PKM2-CTNNBI1 complex is operational in
brown adipocytes. However, knockdown of CCNDI and
MYC had in itself no influence on Ucpl expression, and
this pathway is therefore not likely to be involved in the
PKM2-mediated decrease in Ucpl gene expression.

Discussion

PKM?2 is known for its role in cancer cell biology
[30,31]. The increased expression of PK in BAT
induced by cold [11] suggests a function of PKM2 also
in adipose tissue. Here, we report that PKM2 is
expressed at higher levels in BAT compared with white
adipose tissue (WAT) (Fig. 1). Particularly, we show
that in mature brown adipocytes, PKM2 depletion has
an unexpected and potentially important positive effect
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on expression of the thermogenesis-related genes Ucpl
and Fgf21, and this effect appears to be independent
on PKM?2’s PK activity (Fig. 2).

In the present study, we have experimentally exam-
ined whether the effect of PKM?2 depletion on thermo-
genic gene expression was mediated through one of the
established nuclear pathways, that is, the HIF-1a path-
way, the MEKS5 pathway, and the CTNNBI pathway.
We found no indications that these pathways were
involved.

PKM2 interacts with the tumor suppressor p53 and
negatively modulates its transcriptional activity [17,32].
Therefore, by knocking down PKM2 we would expect a
higher activity of p53, but as p53-deficient mice and adi-
pocytes displayed increased expression of Ucpl [33], and
as WT-1 cells have compromised p53 function due to
expression of simian virus 40 large T antigen [34], we do
not consider p53 a potential mediator of PKM?2 function
in our studies. Thus, the effect of PKM2 on UCPI levels
does not appear to be mediated through known interac-
tion partners of PKM2. This conclusion evidently points
to further studies dedicated to identification of the novel
molecular mechanism involved in this effect.

However, physiologically and translationally, our
findings demonstrate an important role of the multi-
functional glycolytic enzyme PKM2 in the regulation
of the expression of key thermogenesis-related genes in
brown adipocytes. Whether the expression level of
PKM?2 has a physiological regulatory role in the regu-
lation of the expression of these genes still needs to be
investigated. However, irrespective of this, our studies
imply that targeting PKM?2 activity in adipocytes
could have beneficial effects on energy expenditure,
with a potential beneficial impact on systemic metabo-
lism. This improved understanding of the regulation of
thermogenic gene expression and thereby the thermo-
genic capacity of adipose tissue may thus provide new
avenues for potential therapeutic interventions in
metabolic dysfunction.
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