
Yin et al., Sci. Signal. 12, eaax4067 (2019)     17 December 2019

S C I E N C E  S I G N A L I N G  |  R E S E A R C H  A R T I C L E

1 of 14

F I B R O S I S

Hexokinase 2 couples glycolysis with the profibrotic 
actions of TGF-
Xueqian Yin*, Malay Choudhury, Jeong-Han Kang†, Kyle J. Schaefbauer, Mi-Yeon Jung‡, 
Mahefatiana Andrianifahanana, Danielle M. Hernandez§, Edward B. Leof||

Metabolic dysregulation in fibroblasts is implicated in the profibrotic actions of transforming growth factor– 
(TGF-). Here, we present evidence that hexokinase 2 (HK2) is important for mediating the fibroproliferative activity 
of TGF- both in vitro and in vivo. Both Smad-dependent and Smad-independent TGF- signaling induced HK2 
accumulation in murine and human lung fibroblasts through induction of the transcription factor c-Myc. Knock-
down of HK2 or pharmacological inhibition of HK2 activity with Lonidamine decreased TGF-–stimulated fibrogenic 
processes, including profibrotic gene expression, cell migration, colony formation, and activation of the transcription 
factors YAP and TAZ, with no apparent effect on cellular viability. Fibroblasts from patients with idiopathic pulmonary 
fibrosis (IPF) exhibited an increased abundance of HK2. In a mouse model of bleomycin-induced lung fibrosis, 
Lonidamine reduced the expression of genes encoding profibrotic markers (collagenΙ1, EDA-fibronectin,  smooth 
muscle actin, and connective tissue growth factor) and stabilized or improved lung function as assessed by mea-
surement of peripheral blood oxygenation. These findings provide evidence of how metabolic dysregulation 
through HK2 can be integrated within the context of profibrotic TGF- signaling.

INTRODUCTION
Fibroproliferative disorders encompass a wide variety of diseases that 
affect essentially all organs (1–4). Because treatment options are often 
ineffective and/or unavailable, these diseases have been estimated to 
be responsible for upward of 45% of all deaths in the developed world 
(5–7). Moreover, although our understanding of the molecular and 
cellular changes associated with these disorders has increased (4, 8, 9), 
this has not resulted in effective clinical outcomes for the vast majority 
of patients (10–13).

The primary cytokine responsible for the initiation and/or pro-
gression of tissue and organ fibrosis is transforming growth factor– 
(TGF-), which both directly stimulates profibrotic responses and 
induces additional mediators such as platelet-derived growth factor 
(PDGF) (14), Erb-B receptor ligands (15), and connective tissue 
growth factor (CTGF) (16). TGF- is a 25-kDa polypeptide that can 
either stimulate or inhibit various cellular processes (17, 18). The type I, 
type II, and type III (betaglycan) receptors are the primary cell surface 
receptors for TGF- (19). The type I and type II TGF- receptors 
(TRI and TRII, respectively) are single-pass, transmembrane serine- 
threonine kinases (20, 21). Ligand binding to the constitutively 
phosphorylated TRII results in TRI recruitment and transphos-
phorylation by TRII, resulting in activation of a heteromeric TGFR 
complex (22, 23). Subsequent intracellular signaling is primarily mediated 
by the Smad proteins, Smad2 and Smad3 (Smad2/3). These cyto-
plasmic 42- to 60-kDa proteins form hetero-oligomeric complexes 
with Smad4 after receptor activation and translocate to the nucleus 

where they regulate gene transcription (24, 25). Although the Smads are 
implicated in mediating many aspects of TGF- family member activity, 
work by us and others has shown non-Smad signaling to be critical 
for a subset of TGF- responses (18, 26–28).

Although both Smad and non-Smad pathways are known to affect 
profibrotic TGF- signaling, how they interface with other aspects 
of TGF- action, such as the regulation of cellular metabolism, is 
relatively unexplored. A role for altered metabolism has been exten-
sively investigated in neoplastic diseases (29, 30), but analogous reports 
in fibroproliferative disorders are relatively limited (31–34). To that 
end, we previously reported a requirement for the induction of the 
glucose transporter GLUT1 in TGF-–driven fibrogenic processes 
(35), and another publication further defined this association by in-
tegrating it within the serine-glycine biosynthetic pathway to meet 
the demands for increased collagen synthesis during myofibroblast 
differentiation (36). In the current study, we extend this interrelation 
of glucose uptake, glycolysis, and profibrotic TGF- action by docu-
menting a role for hexokinase 2 (HK2), both in vitro and in vivo. In 
that HK2 and GLUT1 are both stimulated by TGF-, this previously 
unknown relationship has implications for several homeostatic and/
or pathologic cellular processes.

HKs catalyze the first obligatory step in glucose metabolism to 
generate glucose-6-phosphate (37). This not only furthers glucose entry 
by maintaining the concentration gradient for facilitated glucose 
influx but also provides the first intermediate for essentially all major 
pathways using glucose. There are four HK isoforms in mammalian 
tissues: HK1, HK2, HK3, and HK4. Although each of these isoforms 
has distinct roles, the production or activity of HK2 is increased in 
many tumor types and plays a central role in growth factor–mediated 
cell survival (38–40).

In the current study, we investigated profibrotic TGF- signaling 
in mouse and human lung fibroblasts and in a murine in vivo model 
of lung fibrosis. We found that TGF- induced HK2 accumulation in 
fibroblasts through Smad2/3 and c-Myc, and this was necessary for 
the TGF-–stimulated expression of profibrotic genes, cell migration, 
and colony formation in soft agar. TGF-–mediated activation of the 
transcription factors YAP and TAZ (YAP/TAZ) was also attenuated 
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in the absence of HK2. Furthermore, fibroblasts isolated from 
patients with idiopathic pulmonary fibrosis (IPF) had increased basal 
amounts of HK2 but not HK1. Last, treatment with the HK2 inhib-
itor Lonidamine decreased the expression of profibrotic genes and 
stabilized lung function in a mouse model of bleomycin (BLM)– 
induced lung fibrosis.

RESULTS
HK2 is induced by TGF- and increased in IPF fibroblasts
Whereas the profibrotic activity of TGF- has been extensively docu-
mented (41, 42), how these responses interface with cellular metab-
olism is relatively underinvestigated (31–34). Having previously 
determined that inhibition of GLUT1 production or activity impairs 
fibrogenic processes in a TGF-–dependent manner (35), we sought to 
identify the operative mechanism(s). Stimulation of AKR-2B murine 

fibroblasts with TGF- increased the expression, abundance, and 
activity of HK2 (Fig. 1, A to C). This increase was specific for HK2, 
because TGF- decreased the abundance of the other mitochondrial 
HK, HK1 (Fig. 1A). Given that HK2 is the most proximal mediator 
of glucose metabolism, we next determined, first, whether this effect 
of TGF- occurred in other murine and human fibroblasts, and, second, 
whether HK2 abundance was constitutively increased in fibroblasts 
isolated from patients with IPF. Consistent with that observed in AKR-
2B cells, TGF- treatment increased HK2 abundance in another 
murine fibroblast line (Swiss3T3), human lung fibroblast lines 
[Institute for Medical Research-90 (IMR90), Medical Research Council 
cell strain 5 (MRC5), and Tokyo Institute of Gerontology-1 (TIG-1)], 
and primary normal human lung fibroblasts (Fig. 1D and fig. S1A) 
as well as mitochondrial association (37–40) in MRC5 cells (fig. S1, 
B and C). Moreover, when primary fibroblasts isolated from normal 
donors and patients with IPF were examined, there was a notable 
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Fig. 1. TGF- induces HK2 accumulation in murine and human fibroblasts. (A) Quiescent AKR-2B cells were treated with vehicle or TGF- for the indicated amounts 
of time, and total protein was subjected to Western blot analysis for HK2, HK1, and phosphorylated Smad3 (pSmad3). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
is a loading control. Amounts of HK2 and HK1 relative to GAPDH were determined. n = 3 independent experiments. (B) AKR-2B cells were treated as in (A), and total RNA 
was subjected to real-time quantitative PCR using HK2 primers. Smad4 was used as a normalization control. n = 3 independent experiments. (C) Quiescent AKR-2B cells 
were pretreated with vehicle or the TRI inhibitor SB431542 for 1 hour and then stimulated with vehicle or TGF- for 24 hours. HK2 protein was immunoprecipitated, 
and activity was determined relative to a purified HK standard. n = 3 independent experiments. (D) The indicated quiescent murine fibroblasts (AKR-2B and Swiss3T3), 
human lung fibroblast lines (IMR90, MRC5, and TIG-1), and primary normal human lung fibroblasts (NHLFs) were treated with vehicle (−) or TGF- (+), and total proteins 
were immunoblotted for HK2. Blot is representative of three independent experiments. (E) Proliferating human normal lung (NL) fibroblast and idiopathic pulmonary 
fibrosis (IPF) fibroblast cells obtained from C. Feghali-Bostwick and N. Sandbo were lysed, and total proteins were immunoblotted for HK1 and HK2. Numbers indicate cell 
identifiers. (F) Relative abundances of HK2 and HK1 in NL and IPF cultures. Data reflect one experiment using patient lung samples from eight normal and seven IPF 
donors. All data reflect means ± SEM. Differences between groups were evaluated by unpaired Student’s t test (F) or two-way ANOVA with Tukey post hoc analysis (A to C). 
*P < 0.05, **P < 0.01, ****P < 0.0001.
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increase in HK2, but not in HK1, in the IPF samples (Fig. 1, E and F). 
These data are consistent with HK2 being both a downstream target 
and a potential mediator of TGF-–dependent fibrogenic actions.

HK2 is required for profibrotic TGF- signaling  
and YAP/TAZ activation
Because HK2 is known to have a fundamental role in various prolifer-
ative disorders (38, 43), we initiated studies to assess the requirement 
for HK2 in the fibroproliferative actions of TGF- after small interfer-
ing RNA (siRNA)–mediated HK2 knockdown. Loss of HK2 substan-
tially decreased profibrotic TGF- targets including collagen Ι (ColΙ), 
fibronectin (FN),  smooth muscle actin (SMA), plasminogen ac-
tivator inhibitor 1 (PAI-1), and CTGF in murine AKR-2B cells and 
human TIG-1 fibroblasts (Fig. 2, A and B, and fig. S2, A and B). 
Because the absence of HK2 activity prevents the oxidation of glucose 
to pyruvate, we tested whether exogenous pyruvate restored TGF-–
mediated induction of profibrotic markers. The addition of pyruvate 

overcame the inhibitory effect of HK2 knockdown on the induction of 
ColΙ, FN, SMA, and CTGF by TGF- (Fig. 2C and fig. S2C). HK2 
knockdown also reduced TGF-–stimulated cell migration (Fig. 2D) 
and colony formation in soft agar (Fig. 2E). This action of HK2 in pro-
fibrotic TGF- signaling is downstream of canonical Smad or non-Smad 
activation, because loss of HK2 had no effect on the phosphoryl-
ation of Smad3 or Akt in response to TGF- stimulation (fig. S3, A 
and B).

To confirm that these findings were not reflective of an off-target 
effect(s) of HK2 knockdown, analogous studies were performed using 
the mitochondrial HK inhibitor Lonidamine, which inhibits both 
HK1 and HK2 activities. Whereas Lonidamine decreased HK activity 
(fig. S4A), induction of TGF-–stimulated fibroproliferative targets 
(Fig. 3, A to C, and fig. S5, A and B), cell migration (Fig. 3D), and 
growth in soft agar (Fig. 3E) in both murine and human fibroblasts, it 
had no biological effect on cell viability as assessed by the reduction 
of 3-[4,5-dimethylthiazole-2yl]-diphenyltetrazolium bromide (MTT) 
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Fig. 2. Profibrotic TGF- signaling depends on the induction of HK2. (A) AKR-2B cells were transiently transfected with control siRNA (siCon) or siRNA specific for HK2 
(siHK2) and then stimulated with vehicle (−) or TGF- (+). Western blotting on total cell proteins was performed for collagen Ι (ColΙ), fibronectin (FN),  smooth muscle 
actin (SMA), plasminogen activator inhibitor (PAI-1), and connective tissue growth factor (CTGF). GAPDH is a loading control. Blot is representative of three independent 
experiments. (B) Human TIG-1 fibroblasts were treated and immunoblotted as in (A). Blot is representative of three independent experiments. (C) AKR-2B cells were 
transfected with control or HK2 siRNA, treated with vehicle or sodium pyruvate for 1 hour, and then stimulated with vehicle or TGF- for 24 hours before Western blotting 
for the indicated proteins. Blot is representative of three independent experiments. (D) AKR-2B cells were transfected with control or HK2 siRNA and then subjected to 
scratch assays in the absence or presence of TGF- and quantification of wound closure. Red lines indicate the leading edge after 24 hours. n = 3 independent experi-
ments. (E) AKR-2B cells were transfected as in (A), and anchorage-independent growth in soft agar in the absence or presence of TGF- was determined. n = 3 independent 
experiments with three technical replicates per condition. All data reflect the means ± SEM. Differences between groups were evaluated by two-way ANOVA with Tukey 
post hoc analysis. ****P < 0.0001.
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assay or cellular integrity (fig. S4, 
B and C). That these actions were re-
flective of Lonidamine’s ability to inhibit 
HK2 kinase activity per se and not some 
kinase- independent role(s) were demon-
strated by the ability of overexpression 
of wild-type HK2, but not kinase- dead 
HK2, to overcome the inhibitory response 
of Lonidamine on the accumulation of 
proteins encoded by TGF- target genes 
(Fig. 3F and fig. S5C). Analogous to 
results observed with HK2 knockdown 
(fig. S3, A and B), TGF-–stimulated Smad3 
or Akt phosphoryl ation was unaffected 
by Lonidamine treatment (fig. S4, D and 
E). In addition to inhibiting HK activity, 
Lonidamine at higher concentrations also 
diminished the induction of HK2 protein 
yet had little to no effect on the TGF-–
induced decrease in HK1 (fig. S4F).

Increased abundance of HK2 would 
be expected to similarly increase both total 
cellular lactate and the oxygen consump-
tion rate (OCR) under aerobic conditions 
(31–34). This was directly assessed in 
AKR-2B cells, TIG-1 cells, and primary 
human lung fibroblasts, where we deter-
mined that although TGF- increased lac-
tate production, inhibition of HK2 with 
Lonidamine prevented this response 
(Fig. 4, A and B). Coincident with the 
basal increase in HK2 (Fig. 1, E and F), 
higher lactate levels were observed in IPF 
versus normal lung fibroblasts (Fig. 4C). 
To further define the metabolic response 
to profibrotic TGF- signaling, the OCR 
was determined by Seahorse analysis (Fig. 4, 
D and E). Subsequent to measuring the 
basal OCR, oligomycin [an adenosine 
triphosphate (ATP) synthase complex 
V inhibitor that inhibits mitochondrial 
ATP production], carbonyl cyanide 
p-trifluoromethoxyphenylhydrazone 
(FCCP; a mitochondrial oxidative phos-
phorylation uncoupler that allows oxygen 
consumption by complex IV to reach 
maximum), and rotenone plus antimy-
cin A (inhibits mitochondrial complexes 
I and III to shut down mitochondrial 
respiration) were sequentially added to 
cells, and the OCR was measured at three 
distinct time points (Fig. 4D) and averaged 
(Fig. 4E). We found that TGF- increased 
basal respiration, respiration caused by 
ATP production, maximal respiration, 
and nonmitochondrial respiration, and 
these effects were inhibited by Lonidamine, 
indicating that they depended on HK2 
activity.
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Fig. 3. HK2 activity is required for profibrotic TGF- signaling. (A) Quiescent AKR-2B cells were treated with vehicle 
(DMSO) or Lonidamine (Lon) in the presence (+) or absence (−) of TGF-. Western blotting was performed for ColI, FN, 
PAI-1, CTGF, and SMA. GAPDH is a loading control. Data are representative of three independent experiments. 
(B) Quiescent human lung TIG-1 fibroblasts were treated and analyzed as in (A). Data are representative of three in-
dependent experiments. (C) Quiescent AKR-2B cells were treated for 12 hours with vehicle or Lonidamine in the 
presence or absence of TGF-. Quantitative PCR was performed for the indicated transcripts. n = 3 independent ex-
periments. (D) Scratch assays were performed on AKR-2B cells in the absence or presence of TGF- and the indicated 
concentration of Lonidamine and then wound closure was quantified. Red lines indicate the leading edge after 24 hours. 
n = 3 independent experiments with three technical replicates per condition. (E) AKR-2B colony formation in soft 
agar in the presence or absence of TGF- and the indicated Lonidamine concentrations was quantified. n = 3 inde-
pendent experiments with three technical replicates per condition. (F) AKR-2B cells were transiently transfected with 
the indicated control (EGFP), kinase-active (HK2WT), or kinase-impaired (HK2mut) plasmids and then treated with vehicle 
or Lonidamine in the absence (−) or presence (+) of TGF- before Western blotting for the indicated proteins. Data are 
representative of three independent experiments. Differences between groups were evaluated by two-way ANOVA 
with Tukey post hoc analysis. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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The expression of profibrotic mediators in various disease con-
texts is often controlled by the transcriptional regulators YAP and TAZ 
(44–48). Because TGF- is a common component critical to the 
pathogenesis of numerous fibroproliferative disorders and both 
Smad-dependent and Smad-independent pathways have been impli-
cated in YAP/TAZ activation, we next addressed whether HK2 might 
stimulate the activity or production of YAP/TAZ downstream of 
TGF- signaling. To address that question, we assessed the effect of 
siRNA-mediated HK2 knockdown on YAP/TAZ-dependent lucifer-

ase activity in response to TGF- treat-
ment in AKR-2B cells. Whereas TGF- 
stimulated YAP/TAZ reporter activity 
~6-fold, knockdown of HK2 markedly 
decreased this response (Fig. 5A). We 
next examined whether the requirement 
for HK2 in the induction of YAP/TAZ 
activity by TGF- was through effects on 
YAP/TAZ protein abundance. This was 
examined in both murine (Fig. 5, B and C) 
and human (Fig. 5, D and E) fibroblasts. 
HK2 was knocked down with siRNA, 
and the effect of TGF- on YAP/TAZ pro-
tein levels was examined. Unexpectedly, 
although TGF- stimulated TAZ accumu-
lation in an HK2-dependent manner in 
both murine and human fibroblasts, YAP 
abundance was unaffected by TGF- yet 
similarly dependent on HK2. Consistent 
with this differential regulation of YAP 
and TAZ by TGF-, increased TAZ, but 
not YAP, was also observed in IPF fibro-
blasts (Fig. 5, F and G). Although these 
data place HK2 upstream of YAP/TAZ, 
other studies in breast cancer have shown 
that nuclear YAP can modulate HK2 
expression (49). Therefore, we further as-
sessed the relationship between HK2 
and YAP/TAZ and similarly found that 
endogenous YAP/TAZ was not only 
downstream of HK2 but that production 
of endogenous HK2 (but not HK1) re-
quired YAP/TAZ (Fig. 5, H and I).

Induction of HK2 is mediated by 
Smad-dependent and  
Smad-independent pathways
TGF- binding to cell membrane recep-
tors activates direct and indirect (14, 50) 
pathways depending on the cellular 
context. The canonical Smad pathway 
is activated within minutes of TGF- 
application, whereas activation of other 
targets such as fatty acid synthase (FASN), 
ErbB ligands, or mechanistic target of 
rapamycin (mTOR) requires much longer 
treatment times (28, 51, 52). Because HK2 
induction occurs relatively late and is 
maintained throughout 24 hours of TGF- 
treatment (Fig. 1), it would not be un-

expected for TGF- to stimulate HK2 accumulation through both 
canonical and noncanonical mechanisms. Knockdown of Smad2, 
Smad3, or both Smad2 and Smad3 prevented TGF-–mediated in-
duction of HK2 (Fig. 6A). Because TGF- similarly activates a num-
ber of signaling pathways resulting in the induction of both ErbB and 
PDGF ligands (28, 51, 52), their role in mediating HK2 production was 
subsequently determined. Whereas pharmacological inhibition of 
phosphoinositide 3-kinase (PI3K) prevented HK2 production, it 
was independent of AKT or activation of mTOR complexes 1 and 2 

A

D
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B C

Fig. 4. Lonidamine inhibits TGF-–stimulated lactate production and oxygen consumption rate. (A and B) Quies-
cent AKR-2B (A) and TIG-1 (B) cells were treated for 24 hours with vehicle (DMSO) or Lonidamine in the presence or 
absence of TGF-, and intracellular lactate was quantified. n = 3 independent experiments. (C) Lactate concentration 
in proliferating human normal lung (NL) and IPF fibroblasts. Data reflect one experiment using patient lung samples 
from eight normal and seven IPF donors. (D and E) AKR-2B cells were treated as in (A) and then oxygen consump-
tion rate (OCR) was assessed by the Seahorse XFp Cell Mito Stress Test Kit on a Seahorse XFp extracellular flux analyzer. 
Data are presented as individual time points (D) and as averages (E). n = 3 independent experiments. All data reflect 
the means ± SEM. Differences between groups were evaluated by two-way ANOVA with Tukey post hoc analysis (A, B, 
and E) or unpaired Student’s t test (C). ***P < 0.001, ****P < 0.0001.
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(mTORC1/2) (Fig. 6B). These findings were further extended by inhi-
bition of MAPK kinase (MEK) with U0126, PDGF signaling with 
CP673451, or ErbB signaling with lapatinib, which abolished the 
TGF-–induced accumulation of HK2 protein (Fig. 6C). Thus, 
HK2 accumulation was found to depend on Smad2, Smad3, PI3K, 
MEK, and both PDGF and epidermal growth factor (EGF) signaling 
stimulated by TGF-. These pharmacological findings were further 
confirmed using stable short hairpin RNA (shRNA) knockdown 
clones for mTOR, Raptor, Rictor, Erb1/2, and PDGFR/ (fig. S6, A 
to C). That HK2 production was modulated by several signaling 
pathways provides further support to the paradigm that profibrotic 
TGF- signaling involves several direct and indirect mediators.

A common downstream mediator of PI3K, MEK, PDGF, and EGF 
is the transcription factor c-Myc (53). To determine whether c-Myc 
was required for HK2 induction by TGF-, we stably expressed 
shRNA targeting c-Myc in AKR-2B cells and assessed HK2 protein 

abundance after TGF- stimulation using five independent pools of 
shRNAs targeting distinct sites in c-Myc. Whereas knockdown of 
c-Myc prevented the increase in HK2 by TGF- (Fig. 7A), siRNA- 
mediated loss of HK2 had no demonstrable effect on the TGF- 
induction of c-Myc (Fig. 7, B and C). These findings are consistent 
with c-Myc being a transcriptional regulator of HK2 (53).

Lonidamine inhibition of HK2 activity improves lung 
function in BLM-induced pulmonary fibrosis
Data from our experiments in fibroblast cell lines and in primary cells 
from control and patients with IPF demonstrated that HK2 was induced 
by TGF- through the integrated actions of both Smad-dependent 
and Smad-independent pathways, increased in fibroblasts from pa-
tients with IPF, and required for the in vitro profibrotic response to 
TGF-. We next tested the involvement of HK2 in fibroproliferative 
disease in vivo. These studies assessed the efficacy of inhibiting HK2 

A

E

H I

F G

B C D

Fig. 5. HK2 mediates the induction of fibrosis by TGF- through regulation of YAP/TAZ. (A) AKR-2B cells were transiently transfected with a YAP/TAZ luciferase reporter 
and control (siCon) or HK2 (siHK2) siRNA. Luciferase activity was determined after 24 hours in the absence or presence of TGF- and normalized to the siCon vehicle control. 
n = 3 independent experiments. (B) AKR-2B cells were transiently transfected with control or HK2 siRNA, treated for 24 hours with vehicle or TGF-, and immunoblotted 
for YAP, TAZ, and HK2. GAPDH is a loading control. Data are representative of three independent experiments. (C) Amounts of YAP and TAZ relative to GAPDH in AKR-2B 
cells treated and analyzed as in (B). n = 3 independent experiments. (D) Human TIG-1 fibroblasts were treated and immunoblotted as in (B). Data are representative of 
three independent experiments. (E) Amounts of YAP and TAZ relative to GAPDH in TIG-1 cells treated and analyzed as in (D). n = 3 independent experiments. (F) Immuno-
blotting for YAP and TAZ in human normal lung (NL) fibroblasts and IPF cells. Numbers indicate cell identifiers. The GAPDH loading control for the samples in the left 
panel is the same as that in Fig. 1E because the samples were run concurrently on the same gel. (G) Amounts of YAP and TAZ relative to GAPDH in normal lung fibroblasts 
and IPF cells in (F). Data reflect one experiment using patient lung samples from eight normal and seven IPF donors. (H) Cycling AKR-2B cells were transiently transfected 
with control (Con) or HK2 siRNA for 24 hours and Western blotted for YAP, TAZ, HK2, and HK1. Abundances of YAP and TAZ relative to GAPDH are shown. Data are repre-
sentative of three independent experiments. (I) Cycling AKR-2B cells were transfected with control or YAP/TAZ siRNA for 24 hours and Western blotted for the indicated 
proteins. Abundances of HK2 and HK1 relative to GAPDH are shown. Data are representative of three independent experiments. Differences between groups were evaluated 
by two-way ANOVA with Tukey post hoc analysis (A, C, and E) or unpaired Student’s t test (G, H, and I). *P < 0.05, ***P < 0.001, ****P < 0.0001.
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activity in a murine model of lung fibrosis by starting treatment after 
the resolution of inflammation and initiation of fibrotic changes (51, 54).

Mice were intratracheally treated with BLM, a common and robust 
method to induce fibrotic changes in the lung. After BLM challenge, 
on days 10 to 20, animals were treated daily with either vehicle or 
the HK2 inhibitor Lonidamine and then euthanized on day 21. To 

assess lung function throughout the 
study, peripheral blood oxygenation was 
determined before and every third or 
fourth day after the initiation of treat-
ment on day 10. Lonidamine stabilized 
or improved peripheral blood oxygen-
ation during the course of treatment 
(Fig. 8A) and reduced collagen deposi-
tion in the lung, as assessed by both hydro-
xyproline content (Fig. 8B) and trichrome 
staining (Fig. 8Cand fig. S7A). Lonid-
amine treatment partially or completely 
reversed the increases in HK2 (Fig. 8D) 
and lactate (Fig. 8E) induced by BLM 
and reduced the expression of 10 profi-
brotic mediators, including transcripts 
encoding collagen isoforms, EDA-FN, 
SMA, and CTGF (Fig. 8F and fig. S7B). 
FlexiVent analysis indicated that in BLM- 
treated animals, Lonidamine treatment 
also improved lung compliance, which 
describes the ease with which the respi-
ratory system can be extended (fig. S7C). 
Thus, aspects of normal lung physiology 
can be restored in BLM-induced pulmo-
nary fibrosis by inhibiting HK2 activity 
with Lonidamine.

DISCUSSION
Although the relationship between altered 
metabolism and cellular proliferation has 
been recognized in the oncologic literature 
for decades (55, 56), it is only recently 
that a similar connection has been made 
between altered cellular metabolism and 
fibrotic diseases (35, 36, 51, 57, 58). Here, 
we extend this concept, address the rela-
tionship between HK2 and the fibropro-
liferative activity of TGF-, and propose a 
model integrating HK2 into the fibropro-
liferative processes stimulated by TGF- 
(Fig. 9).

Although increased HK2 abundance 
or activity has been associated with the 
progression of numerous malignancies 
(38–40) and HK2 transcription is increased 
by TGF- and in IPF fibroblasts (34), there 
have been no reports either addressing 
the underlying mechanism(s) or directly 
implicating HK2 as a pathogenic mediator 
or potential therapeutic target for organ 
fibrosis. This is of particular relevance for 

diseases such as IPF because, although drugs such as nintedanib and 
pirfenidone have been approved, disease progression with poor long-
term prognosis is still the norm for most patients (10, 59, 60), and 
attempts to identify novel therapeutics are ongoing (61, 62). There-
fore, we investigated whether HK2 might be a viable target for treating 
IPF or other fibrotic diseases using both genetic and pharmacological 

A

B

C

Fig. 6. HK2 induction by TGF- depends on activation of Smad2/3, PI3K, ERK, PDGFR, and EGFR and is inde-
pendent of Akt and mTOR. (A) AKR-2B cells stably expressing (35) nontargeting (NT) shRNA or shRNA targeting 
Smad2, Smad3, or Smad2 and Smad 3 (Smad2/3) were treated in the absence (−) or presence (+) of TGF- for 24 hours 
and Western blotted for HK2, Smad2, and Smad3. GAPDH is a loading control. Amounts of HK2 relative to GAPDH in 
Smad2, Smad3, or Smad2/3 knockdown cells were determined. n = 3 independent experiments. (B) AKR-2B cells 
were stimulated in the absence (−) or presence (+) of TGF- with vehicle (DMSO), the PI3K inhibitor LY294002, the 
AKT inhibitor MK2206, the mTORC1 inhibitor rapamycin, or the mTORC1/2 inhibitor Torin 1. Phosphorylated (p) and 
total Akt, S6 kinase (S6K), and Smad3 were determined 6 hours after stimulation. HK2 and GAPDH were assessed at 
24 hours. Amounts of HK2 relative to GAPDH in each treatment group were determined. n = 3 independent experiments. 
(C) AKR-2B cells were stimulated in the absence (−) or presence (+) of TGF- with the indicated compounds vehicle 
(DMSO), the MEK inhibitor U0126, the PDGFR inhibitor CP673451, or the EGFR inhibitor lapatinib. Abundances of HK2 
relative to GAPDH were assessed at 24 hours, pERK/ERK and pPDGFR/PDGFR at 6 hours, and pEGFR/EGFR at 18 hours 
after simulation. n = 3 independent experiments. All data reflect the means ± SEM. Differences between groups were 
evaluated by two-way ANOVA with Tukey post hoc analysis. *P < 0.05, ****P < 0.0001.
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approaches. TGF- stimulated HK2, but not HK1, accumulation in 
various human and mouse fibroblast cell lines and in primary hu-
man lung fibroblasts (Fig. 1, A to D, and fig. S1A) (34) in a manner 
that depended on activation of c-Myc through either Smad2/3 or 
PI3K signaling, or both (Figs. 6, A to C, and 7, A to C). The role 
of c-Myc in the TGF-–mediated increase in HK2 is analogous to 
that reported for the increased glycolysis in nasopharyngeal carci-
noma cells by the Epstein-Barr virus latent membrane protein 1 
through the stabilization of c-Myc and increased binding of c-Myc to 

the HK2 promoter (53). Consistent with the proliferative activity 
associated with HK2 expression, fibroblasts from patients with IPF 
had higher basal abundances of HK2 and lactate (Figs. 1, E and F, 
and 4C), suggesting that HK2 may have a critical role in maintain-
ing their overall degree of activation.

HK2 was shown to be required for the fibroproliferative actions 
of TGF- in vitro (Figs. 2, A to E, and 3, A to F; and figs. S2, A to C, 
and S5, A to C) and in a murine model of BLM-induced lung fibrosis 
(Fig. 8, A to F, and fig. S7, A to C). This was assessed by inhibiting 
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or nontargeting shRNA (shNT) were treated in the absence (−) or presence (+) of TGF- for 24 hours and Western blotted for HK2. GAPDH is a loading control. Amounts of 
HK2 in AKR-2B cell lines expressing NT or c-Myc shRNA were determined relative to GAPDH. n = 5 cell lines (B) AKR-2B cells were transiently transfected with control (siCon) 
or HK2 (siHK2) siRNA and then stimulated with (+) or without (−) TGF- for 24 hours. Western blotting was performed for c-Myc, HK2, and GAPDH. Blots are representative 
of three independent experiments. (C) Quantification of c-Myc relative to GAPDH from cells in (B). n = 3 independent experiments. All data reflect means ± SEM. Differ-
ences between groups were evaluated by two-way ANOVA with Tukey post hoc analysis. *P < 0.05, ****P < 0.0001.
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Fig. 8. HK inhibition attenuates bleomycin-induced lung fibrosis. (A) C57BL/6 mice were intratracheally treated with saline (control) or bleomycin (BLM) and then 
treated daily with orally administered vehicle or Lonidamine (Lon) from days 10 to 20 after BLM treatment. Peripheral blood oxygen saturation levels were measured on 
the days indicated after BLM treatment with room air. (B) Total collagen content of lungs from mice treated as in (A) was determined by hydroxyproline assay after eutha-
nasia on day 21. (C) Lungs from mice treated as in (A) were analyzed by hematoxylin and eosin (H&E) staining for histology and Masson’s trichrome for collagen. Repre-
sentative images from 7 to 11 mice per treatment group are shown. Scale bar, 300 m. (D) Quantitative PCR for HK2 in lung tissue from animals treated as indicated and 
harvested on day 21. (E) Total lactate content in lung tissue from animals treated as indicated and harvested on day 21. (F) Quantitative PCR for ColΙ1, EDA-FN, SMA, and 
CTGF in lung tissue from animals treated as indicated and harvested on day 21. Data reflect means ± SEM of 7 to 11 mice. Differences between groups were evaluated by 
one-way ANOVA with Tukey post hoc analysis. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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HK2 production or activity with siRNA or Lonidamine, respectively. 
Whereas treatment diminished TGF-–stimulated cell migration, 
soft agar colony formation, or induction of profibrotic target genes, 
this occurred independent of any effect on cell viability or phospho-
rylation of Smad3 or Akt, canonical and noncanonical mediators of 
TGF- signaling, respectively (figs. S3, A and B, and S4, A to E), and 
was rescued by the exogenous addition of pyruvate to restore oxida-
tive metabolism (Fig. 2C) or overexpression of HK2 (Fig. 3F). It did, 
however, depend on the kinase activity of HK2 (Fig. 3F) and the 
transcriptional coactivators YAP and TAZ (Fig. 5, A to I), providing 
additional evidence for a mechanistic link between glucose metabo-
lism and YAP/TAZ activity (63, 64). Moreover, a direct relationship 
between YAP/TAZ transcriptional activity and HK-dependent glycol-
ysis has been demonstrated (65). YAP/TAZ has long been known as 
a regulator of development and organ size, and TAZ knockout mice 
show abnormal alveolarization during lung development, decreased 
CTGF protein abundance, and resistance to BLM-induced lung fi-
brosis (66). Because YAP/TAZ have also been identified as sensors 
and mediators of mechanical cues generated by extracellular matrix 
stiffness or other mechanical forces and can relay the signal into the 
nucleus to reinforce fibrosis development (67, 68), these functions 
make YAP/TAZ a good candidate to integrate glycolysis with the 

development of lung fibrosis. Further-
more, our finding that YAP/TAZ activa-
tion was both downstream (Fig. 5, A to H), 
likely reflecting an indirect role mediated 
through increased glycolysis, and coinci-
dent (Figs. 5I and 9) (49) with HK2 doc-
uments a complex relationship in need of 
further investigation. Although HK2 was 
necessary for basal levels of both YAP 
and TAZ, only TAZ was increased by 
TGF- and showed increased abundance 
in IPF fibroblasts (Fig. 5, B to G). Anal-
ogous differential regulation of YAP/
TAZ has been reported in C3H/10T1/2 
fibroblasts and experimental kidney 
fibrosis (46).

Although YAP/TAZ are likely to play 
important roles in linking altered meta-
bolic activity with organ fibrosis, there are 
likely many other mediators capable of 
coupling altered HK2 activity with lung 
fibrosis. For example, it has been shown 
that increased glycolysis leads to an in-
crease in the tricarboxylic acid cycle in-
termediate succinate, which stabilizes 
hypoxia-inducible factor 1- (HIF-1) to 
directly promote myofibroblast differen-
tiation (34). HIF-1 could function as 
another mediator between HK2 and fi-
brosis development; analogously to YAP/
TAZ, HIF-1 also regulates HK2 expres-
sion (69). Further study of the relationship 
between HK2 and HIF-1 could provide 
additional insight into how glycolysis 
facilitates lung fibrosis development and 
expand therapeutic options. Moreover, 
whereas it has been shown in cancer cells 

that HK2 can accumulate in the nucleus (70), the function of nuclear 
HK2 is not fully understood. Because myofibroblasts share similar 
metabolic reprogramming with cancer cells, an intriguing possibility 
might be that HK2 could also accumulate in the nucleus of IPF cells 
and affect targets that promote lung fibrosis. 

Given that the treatment options for fibro proliferative diseases 
such as pulmonary fibrosis are limited, we examined the efficacy of 
Lonidamine inhibition of HK2 activity in the murine BLM model of 
lung fibrosis using dosages similar to those that have been shown to 
be effective in tumor studies (71–73). Not only were various profi-
brotic target genes and HK2-dependent pathways inhibited by 
Lonidamine treatment (Fig. 8, B to F, and fig. S7, A and B), but lung 
function, as assessed by peripheral blood oxygenation, improved 
(Fig. 8A), and lung compliance, reflecting the ease in which the respi-
ratory system could be expanded, trended upward (fig. S7C). It is 
noteworthy that optimal in vivo responses were observed at the 
lower tested doses of Lonidamine. This likely reflects HK2’s critical 
role in cellular physiology and homeostasis. In that Lonidamine in-
hibits HK1 and HK2, yet abundance of HK1 was not increased by 
TGF- or in IPF fibroblasts (Fig. 1, A, E, and F), the development of 
a selective HK2 inhibitor (74) might provide greater efficacy and less 
toxicity when treatment is systemic. Because the median survival 
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Fig. 9. Proposed model for role of HK2 in profibrotic TGF- signaling. In fibroblast cells, TGF- binds to its recep-
tors and activates both canonical (Smad-dependent) and noncanonical pathways. Among these signaling pathways, 
activation of Smad and/or PI3K signaling leads to the c-Myc–dependent induction of HK2 and subsequent activation 
of YAP/TAZ through an unknown mechanism. The activity of HK2 contributes to the profibrogenic actions of TGF- 
that are mediated by various other mechanisms, some of which are depicted here (35, 51).
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for patients with IPF is only 2 to 3 years (75), identification and 
characterization of the various operative and interdependent path-
ways are critical to the creation of effective therapeutic strategies for 
IPF and other fibrotic disorders. For example, a combinatorial ap-
proach targeting HK2, fatty acid synthase (51), and/or glutaminase 
(76) might provide greater efficacy because cells can compensate 
through other pathways if only one enzyme is inhibited. Furthermore, 
this might be coupled with a nintedanib or pirfenidone rotation to 
avoid toxic side effects and disease compensation.

MATERIALS AND METHODS
Cell culture
All cells were cultured in medium supplemented with 10% fetal bovine 
serum (FBS) (HyClone Laboratories) and penicillin-streptomycin 
(P/S; Life Technologies) at 37°C in 5% CO2. Murine AKR-2B and 
Swiss3T3 were cultured in high-glucose DMEM (Dulbecco’s modified 
Eagle’s medium) (Life Technologies); human MRC5, IMR90, and 
TIG-1 cells used Eagle’s minimum essential medium (EMEM) 
(American Type Culture Collection); and 293FT cells used to gen-
erate lentiviruses for knockdown of c-Myc were cultured in DMEM 
supplemented with glutamine, sodium pyruvate (Corning Inc.), non-
essential amino acids (Corning Inc.), P/S, and G418 (Mediatech). 
Primary normal human lung fibroblasts were purchased from Lonza 
and cultured in 10% FBS/EMEM. De-identified primary human 
normal lung fibroblasts and IPF fibroblasts were obtained from C. 
Feghali-Bostwick, Medical University South Carolina, Charleston, SC 
[University of Pittsburgh Institutional Review Board (IRB) no. 970946] 
and N. Sandbo, University of Wisconsin-Madison, Madison, WI 
[Translational Science Biocore (TSB) BioBank IRB no. 2011-0521] 
and characterized in previously published studies (77, 78). They were 
cultured in 10% FBS/DMEM supplemented with glutamine (cells 
from C. Feghali-Bostwick; Life Technologies) or no additional 
additives (cells from N. Sandbo). AKR-2B–derived cell lines stably 
expressing shRNA for different target genes were cultured in DMEM 
supplemented with 10% FBS, P/S, and puromycin (1.5 g/ml; Sigma- 
Aldrich). The pharmacological inhibitors used are listed in table S1.

Western blotting
Unless stated otherwise, cells were seeded into six-well plates for 
24 hours (murine fibroblasts at 5 × 105 cells per well; human fibro-
blasts at 7 × 105 cells per well) and changed into medium with 0.1% FBS 
(murine fibroblasts) or without FBS (human fibroblast cells) for 24 hours, 
and reagents were added for the indicated times. Cellular lysates were 
prepared on ice with modified radioimmunoprecipitation assay (RIPA) 
buffer [50 mM tris (pH 7.4), 1% Triton X-100, 0.25% sodium de-
oxycholate, 150 mM NaCl, 1 mM EDTA (pH 8), and 10 mM NaF] 
containing cOmplete Protease Inhibitor (Roche). After removal of 
insoluble material (centrifugation at 16,200g at 4°C for 15 min), pro-
teins were separated by electrophoresis on 10% SDS–polyacrylamide 
gel electrophoresis and processed for Western analysis. Detection 
was performed using enhanced chemiluminesence (Thermo Fisher 
Scientific). Commercial antibodies are provided in table S2. Rabbit 
anti-pSmad3 antibody was used at 1:5000 dilution and generated to 
the peptide COOH-GSPSIRCSpSVpS (79).

Measurement of HK activity
For specific TGF- (R&D Systems)–induced HK2 activity, 2 × 106 
AKR-2B cells were seeded into p100 plates in 10% FBS/DMEM for 

24 hours. The medium was changed to 0.1% FBS/DMEM for 24 hours 
after which cells were pretreated with either dimethyl sulfoxide (DMSO) 
(0.1%) or SB431542 for 1 hour and then stimulated with either vehicle 
[4 mM HCl/0.1% bovine serum albumin (BSA)] or TGF- (10 ng/ml) 
for 24 hours. Cultures were lysed in modified NP40 RIPA buffer [50 mM 
tris-HCl (pH 7.4), 150 mM NaCl, 0.25% Na-deoxycholate, 1% IGEPAL 
CA-630, 1 mM EDTA, 50 mM NaF, and complete protease inhibi-
tor cocktail], and 1 mg of total protein and 0.05 g of HK2 antibody 
(Thermo Fisher Scientific) were applied to a Catch-and-Release column 
(Millipore) as instructed by the manufacturer. Proteins were eluted 
after addition of 70 l of nondenaturing elution buffer, and HK2 
activity was detected using an HK activity kit (ScienCell Research 
Laboratories).

For general HK activity detection, 2 × 105 AKR-2B cells were seeded 
into 12-well plates in 10% FBS/DMEM for 24 hours. The medium 
was changed to 0.1% FBS/DMEM, and cells were then treated with 
either DMSO (0.1%) or Lonidamine (25, 50, or 100 M) (Bio-Techne) 
for 12 hours. HK activity was determined as above.

Quantitative polymerase chain reaction analysis
Total RNA was isolated from cells or lung tissue using the RNeasy 
Plus Mini Kit (Qiagen), and 2 g was reverse-transcribed with random 
primers (Life Technologies) and Maxima Reverse Transcriptase 
(Thermo Fisher Scientific) in a 50-l reaction. The resulting com-
plementary DNA (1 to 5 ng) was used for real-time polymerase chain 
reaction (PCR) using SYBR Premix Ex Taq II (Takara/Clontech) in 
a 7500 Fast Real-Time PCR System (Applied Biosystems). Smad4 was 
used as a normalization control, and relative expression levels were 
determined by the 2−∆∆Ct method (80). Murine gene primer sets are 
listed in table S3. All experiments were performed in triplicate.

To extract RNA from mouse lung, tissue was lysed and homogenized 
with Buffer RLT Plus (supplied with the RNeasy Plus Mini Kit; Qiagen). 
The lysate was passed through a genomic DNA eliminator spin column, 
ethanol was added, and the sample was applied to an RNeasy MinElute 
spin column according to the manufacturer’s instructions.

Knockdown by siRNA and shRNA
AKR-2B (2.5 × 105 cells per well) or TIG-1 (5 × 105 cells per well) 
cells seeded in six-well plates were transiently transfected with 185 pmol 
siRNA to control (sc-37007), HK2 (sc-35621 or sc-35622), or YAP 
and TAZ (sc-38638 or sc-38569) (Santa Cruz Biotechnology). Each 
siRNA contains a pool of three target-specific siRNAs for murine or 
human cells. Briefly, culture medium was changed to Opti-MEM 
(Life Technologies) before addition of a mixture of Lipofectamine 2000 
(Life Technologies) and siRNA for 6 hours at 37°C. The medium 
was removed, and cultures were allowed to recover for 18 hours in 
10% FBS/DMEM before addition of reagents for the indicated times 
in low-serum medium (0.1% FBS/DMEM or EMEM).

Plasmids (pLKO.2-puro) encoding shRNA that targeted distinct sites 
in murine c-Myc were purchased from the Mayo Clinic Jacksonville 
RNA Interference Shared Resource. Production of lentivirus and 
transduction of AKR-2B cells were performed as previously described 
(28). Stable pools were generated in the presence of puromycin (1.5 g/ml). 
shRNA knockdown of Erb1/2, PDGFR/, mTOR, Raptor, and Rictor 
in AKR-2B cells was described previously (28, 50).

Scratch assay
For scratch assays, 3 × 105 AKR-2B cells were seeded into six-well 
plates in 10% FBS/DMEM. The next day, the monolayer was disrupted 
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with a sterile 200-l pipette tip, and cells were washed with 0.1% 
FBS/DMEM. Cultures were then treated with the indicated reagents 
and incubated in the presence or absence of TGF- (5 ng/ml) for 
24 hours at 37°C. Images (×100) were taken at 24 hours, and the 
cellular leading edge was measured and quantified.

Soft agar/anchorage-independent growth
Soft agar assays were performed as previously described (28). Briefly, 
1.25 × 104 cells were plated in six-well plates in the presence or 
absence of TGF- (25 ng/ml) ± Lonidamine or the indicated siRNA 
at 37°C. After 7 days of growth at 37°C, the number of colonies ≥50 m 
in diameter was counted using an Optronix Gelcount (Oxford 
Optronix). All experiments were performed in triplicate.

Lactate assay
AKR-2B (5 × 105 per well) and TIG-1 (7 × 105 per well) cells were 
seeded in six-well plates for 24 hours. After 24 hours of serum star-
vation (0.1% FBS/DMEM AKR-2B; serum-free EMEM TIG-1), cells 
were then pretreated with DMSO (0.1%) or Lonidamine (100 M) 
at 37°C for 1 hour followed by vehicle or TGF- (10 ng/ml) for 24 hours 
and homogenized in Lactate Assay Buffer (BioVision). Cycling normal 
lung and IPF fibroblast cells were harvested in Lactate Assay Buffer, 
which was also used to homogenize mouse lung tissue. Lactate levels 
were determined using 10 g of protein (all cells and tissues) with 
the PicoProbe Lactate Fluorometric Assay Kit (BioVision) and mea-
sured with a multimode reader (BioTek).

Seahorse assay
AKR-2B cells were plated and treated essentially as described in 
lactate assay. After 24 hours of starvation, cultures were then sus-
pended in 0.1% FBS/DMEM containing the indicated treatment(s), 
and 3000 cells were seeded into Seahorse assay microplates (Agilent 
Technologies). After 24 hours of incubation, the medium was 
changed to Seahorse XF base assay medium supplemented with 1 mM 
sodium pyruvate, 2 mM l-glutamine, and 10 mM glucose for 1 hour 
at 37°C in a non-CO2 incubator. OCR was measured on a Seahorse 
XFp extracellular flux analyzer by using the Seahorse XFp Cell Mito 
Stress Test Kit (Agilent Technologies) under basal conditions and in 
response to 1 M oligomycin, 0.5 M FCCP, and 0.5 M rotenone 
and antimycin A.

Luciferase reporter assays
To determine luciferase activity, 2.5 × 105 AKR-2B cells were trans-
fected with 2 g of a YAP/TAZ luciferase reporter plasmid (8xGTIIC- 
luciferase; a gift from S. Piccolo, Addgene plasmid no. 34615) (Addgene) 
(67), 0.5 g of cytomegalovirus--galactosidase, and 110 pmol siRNA 
(control or HK2). Twenty-four hours after transfection, the medium 
was changed to 0.1% FBS/DMEM either with vehicle (4 mM HCl/0.1% 
BSA) or with TGF- for 24 hours. Cells were washed with phosphate- 
buffered saline (PBS) and harvested in reporter lysis buffer (Promega). 
Luciferase activity was determined in a Lumat 9507 luminometer 
(Berthold Technologies) after normalization for transfection efficiency 
by detecting -galactosidase activity with chlorophenol red--d- 
galactopyranoside and measuring substrate conversion at 562 nm.

MTT and Fluor cell viability determination
For MTT assays, 2.5 × 103 AKR-2B cells were seeded into 96-well 
plates with 10% FBS/DMEM. After 24 hours of incubation, cultures 
were treated with the indicated concentrations of Lonidamine in 

0.1% FBS/DMEM in a total volume of 100 l for 24 hours. Ten micro-
liters of MTT/PBS (5 mg/ml; Sigma-Aldrich) was then added to the 
culture medium, and after 4 hours of incubation, 100 l of DMSO 
was added for 10 min at room temperature. Color reaction was read 
at 570 nm.

Cell integrity was determined on 2 × 104 AKR-2B cells seeded 
into 96-well culture plates with black wall and lid (Greiner Bio-One) 
in 100 l of 10% FBS/DMEM. After 24 hours of incubation, cultures 
were treated with the indicated reagents in 0.1% FBS/DMEM in a 
total volume of 100 l for 24 hours. CellTiter-Fluor Reagent (Promega) 
was added for 1.5 hours at 22 hours of treatment as instructed by 
the manufacturer, and fluorescence was read with excitation wave-
length at 370 nm and emission wavelength at 505 nm.

Rescue HK2 inhibition
AKR-2B cells were transfected with siCon or siHK2 using Lipofect-
amine 2000 for 24 hours. After addition of either water (vehicle) or 
5 mM sodium pyruvate (Sigma-Aldrich) for 1 hour, cultures were 
stimulated with vehicle or TGF- (10 ng/ml) for 24 hours at 37°C in 
0.1% FBS/DMEM. Cultures were then processed for Western blotting.

To determine whether wild-type or kinase dead HK2 could 
overcome the inhibitory actions of Lonidamine, cultures were trans-
fected as above with 5 g of control (pEGFP-N1), kinase active HK2 
(pGFPN3-HK2WT), or kinase-impaired HK2 (pGFPN3-HK2mut) 
(gifts from H. Ardehali, Addgene plasmid nos. 21920 and 21922) 
(Addgene) (81). Cultures were then pretreated with either DMSO 
(0.1%) or Lonidamine (75 M) for 1 hour, followed by 24 hours of 
stimulation with vehicle or TGF- (10 ng/ml) in 0.1% FBS/DMEM. Cells 
were then lysed with RIPA buffer and processed for Western blotting.

Immunofluorescence (mitochondrial) staining
MRC5 cells (1 × 105) were seeded onto coverslips in six-well plates 
in 10% FBS/EMEM for 24 hours. Cultures were changed to 0.1% FBS/
EMEM and treated with either vehicle (4 mM HCl/0.1% BSA) or 
TGF- (5 ng/ml) for a total of 6 hours, with MitoTracker (200 nM; 
Invitrogen) added for the last 30 min. Cultures were then fixed with 
3% paraformaldehyde, permeabilized with 0.1% Triton X-100, blocked 
with 0.1% BSA/10% normal goat serum/PBS, and incubated overnight 
with HK2 antibody at 4°C. After washing with PBS, HK2 was labeled 
with 488-Goat-anti-rabbit secondary antibody (Life Technologies) 
at room temperature for 2 hours, whereas nuclei were stained with 
4′,6-diamidino-2-phenylindole at room temperature for 5 min. Fluo-
rescence images were collected on an LSM510 confocal microscope 
(Carl Zeiss Microimage Inc.). Percentage of colocalization of HK2 
with MitoTracker was analyzed by ImageJ software (National Insti-
tutes of Health).

BLM model of lung fibrosis
All procedures involving animals were approved by and performed 
according to the guidelines of the Mayo Clinic Institutional Animal 
Care and Use Committee (A615-15). C57BL/6 mice (12 weeks, females), 
on breeder chow and water ad libitum, were treated with 50 l of 
0.9% saline or BLM (2 U/kg; Mayo Clinic Pharmacy) by tracheal 
instillation using an intratracheal aerosolizer (Penn-Century). Gavage 
(200 l) with vehicle (1% carboxymethylcellulose sodium) or the 
indicated concentration (10, 30, or 100 mg/kg) of the HK inhibitor 
Lonidamine (Selleckchem) was initiated on day 10 after BLM instil-
lation and repeated every day for 11 days. Peripheral blood oxygen 
levels (on room air) were measured using a MouseOX collar clip 
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monitoring system (Starr Life Science) on days 3, 6, 9, 13, 16, and 20 
after BLM instillation. Animals were maintained on a 12-hour light/
dark cycle, and all interventions were performed during the animal’s 
light cycle. On day 21, all mice were euthanized by pentobarbital 
(Mayo Clinic Pharmacy) injection, FlexiVent was performed, and 
lungs were excised, weighed, and prepared for histologic and other 
analyses.

Hydroxyproline determination
Total lung collagen levels were assessed using the Hydroxyproline 
Assay Kit (Sigma-Aldrich). Briefly, mouse lung tissue samples were 
homogenized with H2O to a concentration of 100 mg/ml. Samples 
(100 l) were hydrolyzed by the addition of 100 l of 12 M HCl, and 
duplicate 5-l aliquots were analyzed according to the manufactur-
er’s instructions.

Statistical analysis
Statistical analyses were performed by using GraphPad Prism 8.1 
software. Differences between two groups were evaluated by un-
paired Student’s t test or among groups by one-way analysis of variance 
(ANOVA) with Tukey post hoc test or two-way ANOVA with Tukey 
post hoc analysis.

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/12/612/eaax4067/DC1
Fig. S1. Quantitation of TGF-–induced HK2 accumulation in murine and human fibroblasts 
and mitochondrial translocation of HK2.
Fig. S2. Quantitation of profibrotic proteins in AKR-2B and TIG-1 cells after HK2 knockdown.
Fig. S3. HK2 knockdown does not affect TGF-–induced activation of Smad3 or Akt.
Fig. S4. Effect of Lonidamine on HK activity, production, cell viability, and TGF- signaling.
Fig. S5. Quantitation of profibrotic TGF- targets in AKR-2B and TIG-1 cells treated with 
Lonidamine.
Fig. S6. TGF-–induced HK2 production is mediated by EGFR and PDGFR but not the mTOR pathway.
Fig. S7. HK inhibition improves lung structure, total collagen content, profibrotic gene 
expression, and tissue compliance in BLM-induced lung fibrosis.
Table S1. Pharmacological inhibitors.
Table S2. Commercial antibodies.
Table S3. Quantitative PCR murine primers.
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