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Abstract
Background & Aims—Aberrant activation of the AKT oncogenic pathway and downregulation
of the Sprouty 2 (Spry2) tumor suppressor gene are frequently observed molecular events in
human hepatocarcinogenesis. The goal of the present study was to investigate the eventual
biochemical and genetic crosstalk between activated AKT and inactivation of Spry2 during liver
cancer development by using in vivo and in vitro approaches.

Methods—Activated AKT and/or Spry2Y55F, a dominant negative form of Spry2, were
overexpressed in the mouse liver via hydrodynamic gene delivery. Histological and biochemical
assays were applied to characterize the molecular features of AKT and AKT/Spry2Y55F liver
tumors. The human HLE hepatocellular carcinoma (HCC) cell line, stably overexpressing AKT,
was transfected with Spry2Y55F to study the molecular mechanisms underlying
hepatocarcinogenesis driven by Spry2 loss.

Results—Spry2Y55F overexpression significantly accelerated AKT induced
hepatocarcinogenesis in the mouse. AKT/Spry2Y55F liver lesions had increased proliferation and
glycolysis and decreased lipogenesis when compared with AKT corresponding lesions. At the
molecular level, AKT/Spry2Y55F HCCs exhibited a significantly stronger induction of activated
mitogen-activated protein kinase (MAPK) and Pyruvate Kinase M2 (PKM2) pathways than in
AKT corresponding lesions. This phenotype was reproduced in HLE cells overexpressing AKT
following transfection with Spry2Y55F. Furthermore, we found that concomitant suppression of
the MAPK cascade and PKM2 strongly inhibited the growth induced by Spry2Y55F in AKT-
overexpressing cells.
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Conclusions—Inactivation of Spry2 accelerates AKT induced hepatocarcinogenesis via
activation of MAPK and PKM2 pathways.
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Introduction
Human hepatocellular carcinoma (HCC) is the third most common cause of cancer death
worldwide [1]. Treatment options for HCC are limited. Sorafenib, a multikinase inhibitor, is
the only available drug that significantly increases the survival of patients with advanced
HCC [2-4]. To develop more effective therapies against HCC, a better understanding of the
molecular mechanisms underlying HCC development is required [2, 4, 5].

HCC development is a multi-step process in which multiple pathways are deregulated [2, 4,
5]. Among them, the v-akt murine thymoma viral oncogene homolog (AKT)/ mammalian
target of rapamycin (mTOR) cascade is a one of the most frequently activated pathways
[5,6]. AKT exerts many of its cellular effects through its key downstream effector, the
mTOR complex 1 (mTORC1) [6, 7]. Accordingly, the mTORC1 axis is also frequently
activated in human HCC [8]. Generally, the phosphorylation of ribosomal protein S6 (RPS6)
is used as a surrogate marker for mTORC1 activation [9]. The importance of the AKT
pathway in hepatocarcinogenesis has been recently further substantiated by our group.
Noticeably, we found that overexpression of an activated form of AKT in the mouse liver
induces lipogenesis as well as hepatocyte proliferation, eventually leading to liver tumor
formation within six months [10]. Similar results were previously obtained in mice depleted
of the AKT specific inhibitor, phospatase and tensin homolog [11].

The Ras/mitogen-activated protein kinase (MAPK) signaling is another aberrantly activated
pathway in human HCC [12]. However, Ras or Raf mutations are extremely rare in HCC,
implying that activation of the Ras/MAPK cascade occurs in a context of wild-type Ras and
Raf in this disease [13, 14]. Sprouty 2 (Spry2), one of the Sprouty family members
evolutionarily conserved inhibitors of receptor tyrosin kinases, negatively regulates the Ras/
MAPK pathway [15]. Expression of Spry2 protein is frequently downregulated and its loss
is significantly associated with activation of the Ras/MAPK pathway in HCC [16-18].
Furthermore, inactivation of Spry2 via Spry2Y55F, a dominant negative form of Spry2,
cooperates with other activated oncogenic proteins, such as β-catenin or c-Met, to induce
HCC development in mice [18, 19].

The possible crosstalk between the AKT/mTOR and Ras/MAPK pathways during
hepatocarcinogenesis is suggested by the recent finding that co-expression of activated AKT
and mutated N-Ras rapidly induces HCC development in mice [20]. To further investigate
the interaction(s) between these two pathways during hepatocarcinogenesis and to better
reproduce the human disease, in which the Ras genes are not mutated [13, 14], we co-
expressed an activated/myristoylated form of AKT (myr-AKT) and Spry2Y55F in the
mouse liver by hydrodynamic injection. Our data show that loss of Spry2 synergizes with
AKT activation to induce rapid hepatocarcinogenesis through the activation of MAPK and
PKM2 pathways.
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Materials and Methods
Constructs and reagents

The constructs used for mouse injection, including pT3-EF1α-HA-myr-AKT, pT3-EF1α-
Spry2Y55F-V5, and pCMV/sleeping beauty transposase (SB), were described previously
[10, 18, 21]. Plasmids were purified using the Endotoxin free Maxi prep kit (Sigma, St.
Louis, MO).

Hydrodynamic injection and mouse monitoring
Wild-type FVB/N mice were obtained from Charles River (Wilmington, MA).
Hydrodynamic injections were performed as described previously [10, 18, 21]. Briefly, ten
micrograms of the plasmids encoding myr-AKT and/or Spry2Y55F along with sleeping
beauty transposase in a ratio of 25:1 were diluted in 2 mL saline (0.9% NaCl) for each
mouse. Saline solution was filtered through a 0.22 μm filter and injected into the lateral tail
vein of 6 to 8-week-old FVB/N mice in 5 to 7 seconds. Mice were housed, fed, and
monitored in accordance with protocols approved by the committee for animal research at
the University of California, San Francisco.

Histology and immunohistochemistry
Livers were fixed in 4% paraformaldehyde and processed for paraffin embedding.
Preneoplastic and neoplastic liver lesions were assessed by two board-certified pathologists
(M.E. and F.D.) in accordance with the criteria by Frith et al. [22]. Immunohistochemistry
was performed, and proliferation and apoptotic indices were determined, as described [20].

Metabolic parameters measurement
Fatty acid synthesis was measured by incorporation of [U-14C] acetate into lipids. Liver
lysates were labelled with [U-14C] acetate. Lipids were Folch extracted and counted for 14C.
Hepatic cholesterol and lactate content was assessed with the Cholesterol Quantification and
the Lactate Assay Kit II (BioVision Inc., Mountain View, CA), respectively, following the
manufacturer’s protocol.

Immunoblotting and kinase assays
Murine hepatic tissues were processed as described in Supplementary Materials.
Nitrocellulose membranes were probed with specific primary antibodies (Supplementary
Table 1). AKT and MAPK kinase activities were assessed with the AKT and p44/42 MAPK
kinase assay kits (Cell Signaling Technology, Danvers, MA), respectively, following the
manufacturer’s protocol.

Cell line
The human HCC cell line HLE was used for the in vitro experiments. This cell line
expresses low AKT levels and does not harbor β-catenin mutations. Transfection with
cDNA and siRNAs and treatment with inhibitors were performed as described in
Supplementary Materials.

Statistical analysis
Tukey-Kramer test was used to evaluate statistical significance. Values of P < 0.05 were
considered significant. Data are expressed as means ± SD.

See Supplementary Materials for more detailed descriptions of Materials and Methods.
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Results
Spry2Y55F accelerates AKT induces liver tumor development in mice

To determine whether down-regulation of Spry2 cooperates with activated AKT to induce
hepatocarcinogenesis, we co-injected HA-tagged myr-AKT and V5-tagged Spry2Y55F, a
dominant negative form of Spry2 [18, 19], along with the sleepy beauty transposase, into the
mouse liver by hydrodynamic injection. In accordance with our previous studies, we found
that overexpression of Spry2Y55F alone (n = 10) did not lead to histological abnormalities 6
months post-injection [18, 19], whereas overexpression of myr-AKT resulted in
hepatocellular adenoma (HCA) and HCC development by 3 and 6 months post-injection,
respectively [10]. Noticeably, following co-injection of myr-AKT and Spry2Y55F (which
will be referred to as AKT/Spry2Y55F mouse in this paper), AKT/Spry2Y55F mouse livers
became larger, spotted and paler around 6 weeks post-injection (Fig. 1A). Eight weeks after
hydrodynamic injection, liver nodules developed in AKT/Spry2Y55F mice (Fig. 1A). Large,
palpable liver tumors were observed in 4 of 5 AKT/Spry2Y55F mice after 14 weeks post-
injection, while AKT mice did not develop any nodule at this time point (Fig. 1A and
Supplementary Fig. 1) [10]. AKT/Spry2Y55F mice developed large tumors and required to
be euthanized by 21 weeks post-injection (Fig. 1B).

Histologically, 6 weeks post-injection, preneoplastic lesions occupied 50-60% of the hepatic
parenchyma but no tumors were present (Fig. 2A, upper panel). Preneoplastic lesions
formed clusters of cells in the acinar zone 3 surrounding the hepatic veins. Lesion cells
stored elevated amounts of glycogen (as indicated by positive PAS reaction) and lipids (Fig.
2A, lower panel). Mallory-Denk-bodies were occasionally found in these cells (Fig. 2A,
arrow). Importantly, preneoplastic cells expressed both the HA-tag of AKT and the V5-tag
of Spry2Y55F, while the surrounding normal hepatocytes were negative for HA-tag and V5-
tag staining (Fig. 3A). This specific immunohistochemical pattern indicates that only the
cells that incorporated the hydrodynamically injected plasmids were morphologically
altered. Only a few lesions expressed activated/phosphorylated extracellular-related kinase
(p-ERK) proteins (Fig. 3A). Eight weeks post-injection, the amount of preneoplastic lesions
did not increase significantly, but hepatocellular adenomas and small HCCs started to
emerge (Fig. 1A, 2B). Furthermore, some neutrophil granulocytes infiltrated small areas of
all tumors. Some of these granulocytes were ingested by the neoplastic hepatocytes, as
indicated by Naphthol AS-D Chloroacetate (CLAE) staining (Fig. 2B, lower middle panel).
This phenomenon is called emperipolesis, a feature which can be occasionally observed in
human HCC [23]. Most granulocytes underwent apoptosis after emperipolesis, as indicated
by TUNEL assay (Fig. 2B, lower right panel). Importantly, all tumors at this and later stages
expressed both HA- and V5-tag, further underlying that tumor development only took place
in genetically modified cells (Fig. 3B and Supplementary Fig. 2). Moreover, all tumors at
this and later stages strongly expressed p-ERK in both nuclei and cytoplasm (Fig. 3B),
indicating that the neoplastic transformation is closely related to sustained activation of the
MAPK signalling. Ten weeks post-injection (data not shown), the amount of preneoplastic
tissue increased and occupied 80-90% of the entire non-tumorous liver. Many large HCCs
up to 10 mm in diameter developed in AKT/Spry2Y55F mouse livers. Emperipolesis was
detected in some areas of these HCCs. In addition, a mild fibrotic reaction was observed in
AKT/Spry2Y55F liver tumors, particularly in large HCCs. The HCCs further progressed in
size and reached up to 20 mm in diameter 14 weeks post-injection (Fig. 2C). The large
HCCs displayed confluent areas of necrosis, an increase in cytologic atypia, and a
significant loss of lipid content when compared to the preneoplastic lesions and small HCCs
developed 8 weeks post-injection (Fig. 2C). Emperipolesis and a mild fibrotic phenotype
were also common features of AKT/Spry2Y55F liver lesions at this time point. Several
HCCs larger than 20 mm were present at later time points and were frequently confluent
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(data not shown). Different from AKT mice, no lesions with cholangiocellular/ductular
differentiation were detected in AKT/Spry2Y55F livers at all time points. Altogether, these
results demonstrate that loss of Spry2 accelerates AKT induced hepatocarcinogenesis in
mice.

Proliferation and glycolysis are increased in AKT/Spry2Y55F liver tumors
To elucidate the cellular mechanisms responsible for accelerated hepatocarcinogenesis in
AKT/Spry2Y55F mice, we compared the proliferation, apoptosis and angiogenesis indices
in wild-type livers, Spry2Y55F mice livers, and preneoplasia and HCCs from AKT and
AKT/Spry2Y55F mice. Proliferation, apoptosis and angiogenesis indices were significantly
higher in preneoplasia and HCC of AKT and AKT/Spry2Y55F mice than in wild-type and
Spry2Y55F livers (Supplementary Fig. 3A-C). The proliferation rate was highest in AKT/
Spry2Y55F HCCs and significantly higher in AKT/Spry2Y55F preneoplastic lesions than in
corresponding AKT lesions. Apoptosis rate in preneoplastic lesions and HCCs of AKT and
AKT/Spry2Y55F mice did not show significant differences. Angiogenesis degree in AKT
and AKT/Spry2Y55F HCCs was similar, and significantly higher than that in AKT and
AKT/Spry2Y55F preneoplastic lesions. These results suggest that the increase of cell
proliferation represents the major mechanism triggered by loss of Spry2 activity in
accelerating AKT induced hepatocarcinogenesis.

Altered cell metabolism, especially consisting of increased glycolysis and lipogenesis, is a
hallmark of tumorigenesis [24]. For instance, AKT can induce lipogenesis and eventually
lead to HCC development [10]. To determine the role of the lipid and glucose metabolism in
hepatocarcinogenesis induced by AKT overexpression either alone or in combination with
Spry2Y55F, we analyzed the fatty acid (FA) synthesis, cholesterol content, and lactate
content in wild-type livers, Spry2Y55F livers, preneoplasia and HCCs of AKT and AKT/
Spry2Y55F mice (Supplementary Fig. 3D-F). The three parameters were significantly
higher in AKT and AKT/Spry2Y55F preneoplasia and HCCs when compared with wild-
type livers. Both FA synthesis and cholesterol content were equivalent in AKT and AKT/
Spry2Y55F preneoplastic livers. FA synthesis and cholesterol content further increased in
AKT HCCs, whereas the same parameters declined in AKT/Spry2Y55F HCCs and were
significantly lower than those in AKT and AKT/Spry2Y55F preneoplastic lesions. These
results indicate that lipogenesis plays an important role at the early but not the late stage of
AKT/Spry2Y55F hepatocarcinogenesis. Lactate is a major product of tumor cell aerobic
glycolysis [25]. The lactate content was similar in AKT and AKT/Spry2Y55F preneoplastic
lesions. The lactate content remarkably increased in AKT/Spry2Y55F HCCs and was
significantly higher than that of the other groups. These results suggest that increased cell
glycolysis might be a mechanism whereby loss of Spry2 contributes to accelerate AKT HCC
development.

MAPK pathway and the master glycolysis regulator PKM2 are upregulated in AKT/
Spry2Y55F HCC

Next, to investigate the molecular downstream pathways mediating AKT/Spry2Y55F
induced hepatocarcinogenesis, we analyzed the expression levels of some of the major
signaling cascades in AKT and AKT/Spry2Y55F HCCs.

Expression levels of activated/phosphorylated AKT, activated/phosphorylated mTOR (a
major downstream effector of AKT), and mTOR targets, including activated/phosphorylated
RPS6, VEGF-α, and the pro-lipogenic proteins SREBP1, SREBP2, FASN, and SCD1 were
highest in AKT HCCs (Fig. 4A and Supplementary Fig. 4). Kinase assay further confirmed
that the AKT kinase activity was lower in AKT/Spry2Y55F HCCs than that in AKT tumors
(Fig. 4B). These results were consistent with the finding that lipogenesis, a dominant feature
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of activated AKT/mTOR pathway [10], was lower in AKT/Spry2Y55F liver tumors than in
AKT HCCs. By contrast, levels of p-ERK and its downstream target, activated/
phosphorylated ELK1, were much higher in AKT/Spry2Y55F liver tumors than in AKT
corresponding lesions (Fig. 4A). Kinase assay also confirmed that the kinase activity of
MAPK was significantly higher in AKT/Spry2Y55F than in AKT liver tumors (Fig. 4C).
Furthermore, AKT/Spry2Y55F HCCs showed strongest activation of the epidermal growth
factor receptor (EGFR) and fibroblast growth factor receptor (FGFR) cascades, as shown by
increased levels of total and activated/phosphorylated EGFR and activated/phosphorylated
FGFR substrate 2 (FRS2), when compared with AKT tumors (Fig. 4A and Supplementary
Fig. 4). The same differences in activation of the AKT/mTOR and ERK cascades were
detected in preneoplastic lesions (Supplementary Fig. 5), indicating that specific molecular
alteration occur early in AKT/Spry2Y55F-driven hepatocarcinogenesis.

To study the molecular mechanism leading to the increased glycolysis in AKT/Spry2Y55F
tumors, we assayed some of the key glycolysis proteins as well as major regulators of
glycolysis in the mouse sample collection. We found that the expression level of PKM2, the
master regulator of glycolysis [25], was remarkably highest in AKT/Spry2Y55F HCCs,
which was also confirmed by immunohistochemical staining (Supplementary Fig. 6).
Induction of glycolysis was also underscored by the highest levels of membranous
translocation of glucose transporters (GLUT) 1 and 4 in AKT/Spry2Y55F HCCs. On the
other hand, expression levels of hexokinase II and aldolase A were equivalent in AKT/
Spry2Y55F and AKT HCCs (Fig. 4A and Supplementary Fig. 4). Unexpectedly, the
expression of c-Myc and HIF1α, both considered to be the main regulators of glycolysis and
PKM2 [25], was comparable in AKT and AKT/Spry2Y55F HCCs. Altogether, the data
indicate that accelerated hepatocarcinogenesis in AKT/Spry2Y55F mice is associated with
induction of the MAPK pathway and elevated glycolysis.

Loss of Spry2 induces cell growth via MAPK and PKM2 pathways
To further elucidate the molecular mechanisms underlying loss of Spry2 and activated AKT
signaling in promoting hepatocarcinogenesis, we utilized the HLE cell line stably
transfected with AKT. After transfection, HLE cells display elevated levels of AKT while
the activation degree of ERK proteins was unaffected (Supplementary Fig. 7). HLE cells
were then transiently transfected with Spry2Y55F. Consistent with the in vivo results,
overexpression of Spry2Y55F significantly increased cell proliferation, while a slight
decrease of apoptosis was detected 48 hours after transfection (Supplementary Fig. 8B and
C). At the molecular level, overexpression of Spry2Y55F was accompanied by upregulation
of MAPK, EGFR, and FGFR pathways as well as of PKM2, and membranous GLUT1 and
GLUT4 proteins, two additional markers of glycolysis (Supplementary Fig. 8A). To define
the specific contribution of the MAPK and AKT/mTOR pathways in the growth of HLE
cells transfected with AKT and Spry2Y55F, cells were treated with UO126, a MEK
inhibitor, or NVP/BEZ235, a dual PI3K/mTOR inhibitor. As expected, UO126 decreased
the expression of p-ERK and p-ELK1, whereas NVP/BEZ235 inhibited the expression of p-
AKT and p-RPS6 (Supplementary Fig. 8A). Noticeably, UO126 inhibited proliferation and
induced apoptosis in AKT/Spry2Y55F transfected HLE cells much more efficiently than
NVP/BEZ235 (Supplementary Fig. 8B and C). At the metabolic level, UO126 treatment
resulted in a stronger lowering effect on glycolysis and a less pronounced decrease in
lipogenesis than NVP/BEZ235 did (Supplementary Fig. 9). UO126 treatment also decreased
the expression levels of EGFR, p-EGFR and p-FRS2, suggesting that activation of EGFR
and FGFR pathways is MAPK-dependent in AKT/Spry2Y55F tumor cells. Furthermore,
levels of GLUT1 and GLUT4 were more significantly inhibited by UO126 than NVP/
BEZ235 treatment. Interestingly, neither UO126 nor NVP/BEZ235 treatment inhibited
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PKM2 expression in HLE cells, implying that PKM2 activation induced by Spry2Y55F is
independent of MAPK or AKT/mTOR cascades.

Since Spry2 is able to suppress the activation of the ERK cascade through the inhibition of
EGFR- and FRS2-mediated activation of the ERK proteins [15], we assessed the
consequence of inactivating EGFR and/or FRS2 in HLE cells. Silencing of either EGFR or
FRS2 by siRNA significantly reduced both the activation of ERK proteins and the growth of
HLE cells transfected with AKT and Spry2Y55F. Of note, combined suppression of EGFR
and FRS2 led to a stronger growth restraint and reduction of activation of ERK proteins
when compared with silencing of EGFR or FRS2 alone (Supplementary Fig. 10). These data
imply a prominent role of EGFR and FRS2 in the activation of ERK in this cell line.

Finally, we investigated whether concomitant suppression of MAPK and PKM2 can
synergistically inhibit AKT/Spry2Y55F tumor cell proliferation. For this purpose, HLE cells
transfected with AKT and Spry2Y55F were treated with UO126 and/or PKM2 siRNA. Both
UO126 treatment and PKM2 siRNA alone were capable of inhibiting the cell growth in
AKT/Spry2Y55F transfected HLE cells. Combined treatment of UO126 and PKM2 siRNA
resulted in a much more pronounced growth inhibition of HLE cells when compared with
single treatments (Supplementary Fig. 11B and C). Of note, the combined treatment resulted
in a synergistic anti-glycolytic effect, while it did not further lower the levels of fatty acid
synthesis in HLE cells (Supplementary Fig. 12). Marked reduction of glycolysis by the
combination of UO126 and PKM2 siRNA was also underscored by the complete
suppression of GLUT1 and GLUT4 membranous localization (Supplementary Fig. 11A).
Altogether, the in vitro studies indicate that MAPK and PKM2 pathways independently
contribute to AKT/Spry2Y55F induced hepatocarcinogenesis.

Activation of PKM2 is independent of c-Myc in AKT/Spry2Y55F liver tumors
A previous study showed that PKM2 activation is c-Myc dependent in gliomas [26]. To
determine whether c-Myc expression accounts for the upregulation of PKM2 in AKT/
Spry2Y55F HCCs, HLE cells overexpressing AKT and Spry2Y55F were subjected to c-
Myc silencing via siRNA. However, c-Myc siRNA did not inhibit the expression of PKM2
(Supplementary Fig. 13), indicating that PKM2 activation in the AKT/Spry2Y55F tumor
cells is independent of c-Myc.

Discussion
In this study, we show that inactivation of the Ras/MAPK inhibitor, Spry2, cooperates with
AKT to induce rapid hepatocarcinogenesis in the mouse. Intriguingly, we found that co-
expression of Spry2Y55F and AKT results in the development of liver tumors exhibiting
unique morphological, metabolic, and molecular features.

At the morphological level, AKT/Spry2Y55F preneoplasia and HCC consisted exclusively
of lesions with hepatocytic differentiation. In contrast, we previously showed that AKT mice
developed liver lesions with hepatocytic, ductular or mixed differentiation [25]. These data
imply that loss of Spry2 promotes the development of liver lesions characterized by a
commitment toward the hepatocyte lineage. Since AKT/Ras mice also exhibit lesions with a
ductular differentiation [25], the present data imply that suppression of Spry2 drives the
liver lesions toward hepatocytic differentiation independent of its inhibitory effect on the
Ras/MAPK pathway. In addition, only HCCs from Spry2Y55F/AKT mice showed features
of emperipolesis. This phenomenon, consisting of the presence of cells within the cytoplasm
of another cell, mainly of cancerous nature, remains poorly understood and requires
additional investigation. Nevertheless, the present findings indicate that Spry2 might
represent an important regulator of emperipolesis in the cell.
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At the molecular level, loss of Spry2 expression resulted in upregulation of ERK/MAPK,
EGFR, and FGFR cascades in AKT-overexpressing livers. In particular, our data show that
the activation of the EGFR and FGFR pathways depends on the ERK/MAPK cascade. Since
the latter pathways are all able to induce the ERK/MAPK signaling, the present data suggest
that loss of Spry2 amplifies the magnitude of ERK/MAPK cascade by inducing a positive
feed-back loop that activates the upstream inducers of ERK. Furthermore, we found that
Spry2Y55F upregulates the master regulator of glycolysis, PKM2. The importance of the
ERK/MAPK and PKM2 pathways on AKT/Spry2Y55F growth is underscored by
subsequent experiments conducted in HLE HCC cells, in which concomitant suppression of
ERK/MAPK and PKM2 resulted in a striking inhibition of cell growth. Based on these data,
it is tempting to speculate that liver tumor cells expressing high levels of AKT and low
levels of Spry2 are specifically addicted to ERK/MAPK and PKM2 cascades. Thus,
concomitant inhibition of the ERK/MAPK and PKM2 pathways might represent a promising
therapeutic approach in HCC (and other tumor types) characterized by overexpression of
AKT and loss of Spry2.

To the best of our knowledge, this is the first report showing that PKM2 is downregulated
by Spry2. Previous studies showed that PKM2 plays an important role in tumor metabolism
by providing ATP for cell proliferation [25, 27, 28] and activating other oncogenes, such as
β-catenin [29]. In particular, it has been reported that EGFR activation induces nuclear
translocation of PKM2 in brain tumors. Once in the nucleus, PKM2 activates β-catenin,
leading to cell proliferation and tumorigenesis [29]. However, AKT/Spry2Y55F HCCs did
not show activation of the WNT/β-catenin cascade (Supplementary Fig. 14). Nevertheless, it
is of high interest that hepatocarcinogenesis induced by overexpression of either mutant β-
catenin [30] or AKT (this study) in association with Spry2Y55F led to similar cellular and
molecular alterations, including augmented proliferation and activation of the ERK pathway.
These data suggest that inactivation of Spry2 might predominantly contribute to
hepatocarcinogenesis driven by different signaling cascades by promoting proliferation and
activating the ERK pathway. In addition, when EGFR upregulation was downregulated by
in AKT/Spry2Y55F cells, we observed that the upregulation of PKM2 was not affected. It
has been demonstrated that PKM2 is upregulated either by the c-Myc transcription factor
[26] or HIF-1α in several tumor types [30]. Unexpectedly, in our in vivo and in vitro
systems, we found that PKM2 was upregulated independent of c-Myc and AKT/mTOR (the
upstream inducer of HIF-1α). Also, liver lesions from AKT/Ras mice, characterized by a
high degree of activation of mTOR, c-Myc, HIF-1α, and MAPK activation [30], showed
low levels of PKM2 (data not shown). Thus, PKM2 upregulation by Spry2Y55F is
independent of c-Myc, MAPK, EGFR or HIF-1α in AKT-overexpressing cells. Although
the mechanism(s) whereby Spry2 loss promotes PKM2 upregulation remains unknown, the
lack of interaction between Spry2 and PKM2, as assessed by immunoprecipitation (Calvisi
DF et al., unpublished observation), suggests that Spry2 effect on PKM2 is indirect.
Additional studies are required to identify the intermediate proteins linking Spry2 to PKM2.

In summary, we showed that inactivation of Spry2 synergizes with AKT to rapidly induce
hepatocarcinogenesis in the mouse. The major cellular and molecular mechanisms resulting
from such collaboration are the strong activation of the MAPK pathway and the induction of
glycolysis, to which the tumor cells with activated AKT and low Spry2 are addicted. Thus,
the present findings unravel a crosstalk between Spry2 and AKT and envisage the possibility
of implementing therapeutic approaches aiming at inhibiting MAPK and PKM2 pathways in
HCC with inactivated Spry2 and elevated AKT.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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AKT v-akt murine thymoma viral oncogene homolog

ERK extracellular-related kinase

GLUT glucose transporter

HCC hepatocellular carcinoma

MAPK mitogen-activated protein kinase

mTOR mammalian target of rapamycin

mTORC mTOR complex
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Spry2 Sprouty2

PKM2 pyruvate kinase M2
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Fig. 1. Co-expression of Spry2Y55F and activated AKT induces liver tumor development in mice
(A) Macroscopic pictures of wild type (WT) and AKT/Spry2Y55F-injected mice livers at
different time points. W.P.I: weeks post-injection. (B) Survival curve of the wild-type (WT),
AKT only-, Spry2Y55F only- and AKT/Spry2Y55F-injected mice.
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Fig. 2. Histological features of AKT/Spry2Y55F mice livers at different time points
(A) PAS: Periodic Acid-Schiff. V: hepatic vein; P: portal tract. The asterisk and arrow in
marks some preneoplasias and a Mallory-Denk-body respectively. Magnification of upper
HE stain: 20x; lower HE stain: 400x; PAS stain: 200x. (B) The arrows point to
emperipolesis of neutrophil granulocytes. CLAE: chloracetate-esterase enzyme. Upper
panel: 200x; lower three panels (oil immersion): 1000x. (C) The asterisk in the upper panel
of marks necrosis. The asterisks and arrow in the lower panel mark fibrosis and a mitotic
feature, respectively. Upper panel: 20x, lower panel: 400x.
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Fig. 3. Preneoplastic lesions and HCCs developed in AKT/Spry2Y55F mice express V5-
Spry2Y55F, HA-AKT, and p-ERK
Immonohistochemical staining of V5-tag of Spry2Y55F, HA-tag of AKT, and p-ERK in (A)
preneoplastic lesions and (B) a large HCC. Magnification of HA-tag and V5-tag staining in
the preneoplasias: 400x; p-ERK in preneoplasias: 200x; tumor panels: 40x.
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Fig. 4. MAPK pathway and PKM2 are upregulated in AKT/Spry2Y55F liver tumors
(A) Protein levels in WT livers, AKT and AKT/Spry2Y55F HCCs as analyzed by western
blotting. t: total; m: membranous. (B) Kinase activity of AKT in WT livers, AKT and AKT/
Spry2Y55F HCCs. (C) Kinase activity of MAPK in WT livers, AKT and AKT/Spry2Y55F
HCCs. Six to ten samples per group per assay were analyzed. Each bar represents mean ±
SD. Tukey-Kramer test: P < 0. 001, a, vs. wild-type livers; b, vs. AKT HCCs; c, vs. AKT/
Spry2Y55F HCCs.
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