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Background. A 24-year-old woman presented with a 45 cm complex cystic renal mass, which was resected. The 
tumor was a type-2 papillary renal cell carcinoma (pRCC-2), and several nodules remained. The patient was 
treated with mammalian target of rapamycin complex 1 (mTORC1) inhibitors, but after 5 months the tumor 
had progressed. Genetic testing of the patient revealed a novel heterozygous germline mutation in the gene 
encoding fumarate hydratase (FH), an enzyme of the tricarboxylic acid (TCA) cycle. As the tumor exhibited loss 
of heterozygosity for FH and markedly reduced FH activity, and in the absence of other established therapies, 
treatment with the glycolytic inhibitor 2DG (2-deoxy-d-glucose) was explored.

Investigations. CT, histology, immunohistochemistry, genetic studies, 2-deoxy-2-(18F)fluoro-d-glucose  
(18FDG)-PET/CT, FH enzymatic assays, reconstitution experiments and in vitro studies of the effects of 2DG on 
FH-deficient tumor cells.

Diagnosis. pRCC-2 arising in a patient with a novel germline FH mutation and de novo hereditary 
leiomyomatosis and renal cell cancer (HLRCC) syndrome progressing after mTORC1 inhibitor therapy.

Management. Surgical resection of the renal mass, treatment with mTORC1 inhibitors followed by 2DG. 
Unfortunately, 2DG was not effective, and the patient died several weeks later.

Yamasaki, T. et al. Nat. Rev. Urol. advance online publication 8 February 2011; doi:10.1038/nrurol.2010.234

The case
a 24-year-old woman was referred from an outside hos-
pital where she had presented a few days earlier with 
increasing abdominal discomfort, bloating, anorexia and 
weight loss. she was found to have a 45 cm complex cystic 
mass occupying most of her abdomen (Figure 1a) and a 
hemoglobin level of 7 g/dl. the patient was transferred 
for definitive treatment. no liver or lung meta stases were 
observed. she underwent arteriography with successful 
transarterial alcohol embolization of a left anterolateral 
artery that was presumed to represent the left renal artery. 
During the procedure, 1.6 l of a dark, rusty fluid with 
a small amount of fatty-appearing debris was drained, 
and biopsies were performed. the biopsy material was 
necrotic, and no definitive pathological diagnosis could 
be established. Her hemoglobin level stabilized after the 
procedure. Contrast-enhanced brain Mri showed no evi-
dence of brain metastasis. 4 weeks later, the patient was  
electively readmitted for surgical resection. the mass  
was adherent to the mesentery, spleen and pancreas, 
which necessitated partial colectomy, splenectomy and 
partial pancreatectomy.

Pathological studies revealed two tumor masses 
attached to each other measuring 45 cm and 13 cm at 
their largest diameter. Microscopic analyses showed a 

high-grade adenocarcinoma with fibrovascular papil-
lae lined by stratified, large, pleomorphic cells with 
eosinophilic cytoplasm and large, prominent nucleoli 
(Figure 2). the tumor invaded into the pancreas and 
involved multiple lymph nodes, including pericolonic 
nodes. immunohistochemical analyses showed the tumor 
cells to be strongly positive for vimentin, focally positive 
for CD10, and negative for cytokeratins 7 and 20. Overall, 
the diagnosis was most consistent with a type-2 papillary 
renal cell carcinoma (prCC-2).

the patient recovered well from the surgery, 
and received meningococcal, pneumococcal and 
Haemophilus influenzae type b vaccines prior to dis-
charge. approximately 1 month after surgery, Ct of 
the chest, abdomen and pelvis showed several discrete 
enhancing nodules in the abdomen and paravertebral 
area that had increased in size and measured up to 3 cm 
in diameter (Figure 1b). temsirolimus, an inhibitor of 
mammalian target of rapamycin complex 1 (mtOrC1; 
also known as mtOr) that has shown unrestricted activ-
ity against rCC,1 was started. temsirolimus was given at 
the standard dose of 25 mg intravenously once a week; 
however, the patient had difficulty attending weekly infu-
sions, and, after two doses, the treatment was switched 
to daily, oral everolimus 10 mg. everolimus, like temsiro-
limus, is approved for renal cancer, and although studied 
in a different context,2 both drugs are sirolimus analogs 
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and are likely to act in the same manner. 3 months later, 
Ct showed a modest reduction in the size of the meta-
stases (Figure 1c). the largest paraspinal mass was 
treated with additional stereotactic radiation therapy.

the patient had no family history of cancer and both 
her parents were alive and well, but, given her young age 
and advanced presentation with an uncommon tumor 
type, consideration was given to the possibility that a 
de novo germline predisposing mutation had arisen. in 
particular, given the tumor histology, there was a suspi-
cion of hereditary leiomyomatosis and renal cell cancer 
(HLrCC). HLrCC is a syndrome with an autosomal 
dominant pattern of inheritance caused by germline 
loss-of-function mutations in the gene encoding fumar-
ate hydratase (FH).3,4 FH functions as a classic two-hit 
tumor suppressor gene,5 and the resulting tumors typi-
cally exhibit loss of heterozygosity (LOH).6 HLrCC is 
characterized by cutaneous and uterine leiomyomas and 
highly aggressive renal cell carcinomas (typically type-2 
papillary tumors).7 although no cutaneous leiomyomas 
were observed on skin examination, she was noted to 
have uterine fibroids. the patient was initially uncer-
tain about genetic testing, but she subsequently agreed. 
sequencing analyses of Dna from peripheral blood 
mononuclear cells showed a heterozygous germline 
FH mutation (c.1021G>a) (Figure 3a). the mutation 
resulted in a non conservative substitution of an evolu-
tionarily conserved residue (asp341asn). this variant 
was not known to represent a polymorphism, and was 
not found among previously reported mutations.8

importantly, sequencing studies of tumor Dna indi-
cated LOH with nearly undetectable amounts of the 
wild-type FH allele (Figure 3a). in addition, enzymatic 
assays showed, in comparison to a panel of clear-cell 
rCC (ccrCC) tumors, very low levels of FH activity 
(Figure 3b). FH functions as a tetramer,9 and studies of 

a c

d e f

b

Figure 1 | CT and 18FDG-PET/CT imaging throughout treatment. CT performed a | at presentation, b | after surgery and  
c | after treatment with mTORC1 inhibitors. Arrows show the largest paraspinal mass. 18FDG-PET/CT performed d | before 
2DG therapy, e | after treatment with once-daily 2DG and f | after treatment with 2DG every 8 h or 6 h. Abbreviations: 2DG, 
2-deoxy-d-glucose; 18FDG, 2-deoxy-2-(18F)fluoro-d-glucose; mTORC1, mammalian target of rapamycin complex 1.
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Figure 2 | Representative photomicrographs of tumor sections, showing 
fibrovascular papillae lined by stratified, large, pleomorphic cells with eosinophilic 
cytoplasm and large, prominent nucleoli. Hematoxylin and eosin staining,  
a | original magnification ×200, b | original magnification ×400.
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Figure 3 | FH gene sequencing and enzymatic activity analyses. a | DNA sequence 
chromatograms from PBMCs and tumor cells. b | FH enzymatic activity in the 
pRCC-2 vs a panel of five ccRCCs. Data are means ± SE. *P <0.01. Abbreviations: 
ccRCC, clear-cell renal cell carcinoma; FH, fumarate hydratase; PBMCs, peripheral 
blood mononuclear cells; pRCC-2, type-2 papillary renal cell carcinoma.
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the previously reported crystal structure and reconstitu-
tion experiments suggested that the patient’s mutation 
interfered with oligo merization and that mutant FH did 
not form stable tetramers (Box 1, Figure 4).

FH-deficient cells express high levels of glucose trans-
porters,10–12 leading us to hypothesize that 2-deoxy-2-
(18F)fluoro-d-glucose (18FDG)-Pet (which is not 
recommended for routine rCC evaluation) might be a 
suitable imaging modality to use in this patient. 18FDG-
Pet/Ct showed diffuse 18FDG uptake throughout the 
abdomen and pelvis, indicative of peritoneal carcinoma-
tosis (Figure 1d). importantly, the size of tumor implants 
was such that they would have escaped recognition by 
Ct alone. in addition, a dilated loop of small bowel sug-
gestive of a partial obstruction was noted. Owing to the 
presence of progressive disease, everolimus treatment 
was stopped.

there are no established therapies for metastatic 
FH-deficient prCC-2. while prCC-2 also occurs 
sporadi cally, FH has not been found to be mutated in 
sporadic tumors;13,14 indeed, whether sporadic and famil-
ial prCC-2 are related entities remains to be determined. 
Germline FH mutations are uncommon, and there is no 
established treatment for metastatic prCC-2 in HLrCC 
patients.15 even for sporadic prCC-2, which may rep-
resent a different clinical entity, the role of other rCC 
therapies, including small-molecule tyrosine kinase 
inhibitors like sunitinib (which have been largely evalu-
ated against tumors with a clear-cell component) is ques-
tionable. whereas a retrospective study suggested that 
sunitinib may be active against non-clear-cell rCC,16 a 
small prospective study in patients with papillary rCC 
showed very disappointing results.17 in addition, these 
agents can cause intestinal perforation: although this 
is a rare occurrence, the risk may be increased in the 
context of peritoneal carcinomatosis and an impending 

partial small bowel obstruction. On this basis, and fol-
lowing a discussion with the patient about the situation, 
we decided to explore alternative treatment options.

we determined that the glycolytic inhibitor 2-deoxy-d-
glucose (2DG) might be beneficial for the patient, on the 
basis that FH deficiency disrupts the tricarboxylic acid 
(tCa) cycle, resulting in profoundly impaired mito-
chondrial atP production and a reliance on glyco lysis 
for energy production.12,18,19 there is currently great 
interest in the development of glycolytic inhibitors, 
such as 2DG, as cancer treatments.20 2DG was partic-
ularly attractive in the current case because the tumor 

Box 1 | Characterization of the FH mutation

To evaluate the effects of FHAsp341Asn, we first examined 
the crystal structure of the FH holoenzyme (Protein 
Data Bank ID 3E04). We found that Asp341, an 
acidic, negatively charged amino acid, was involved 
in an intramolecular interaction with Lys337, a basic, 
positively charged residue, and that this interaction 
was buried deep within the intermolecular interface 
(Figure 4a). A substitution of Asp341 for Asn, an 
uncharged amino acid, would leave Lys337 unpaired, 
resulting in an energetically unfavorable net positive 
charge in the hydrophobic intermolecular interface, 
which would be expected to destabilize the tetramer. 
To determine experimentally whether FHAsp341Asn would 
form stable tetrameric complexes, the mutation was 
engineered by site-directed mutagenesis and introduced 
into FH-deficient UOK262 cells (Figure 4b). In contrast 
to UOK262 cells in which wild-type FH was introduced, 
tetramers did not form in FHAsp341Asn-reconstituted cells 
(Figure 4c). These data suggest that FHAsp341Asn does not 
form homotetramers, and this observation may explain 
the lack of FH activity in the tumor.

Abbreviation: FH, fumarate hydratase.
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Figure 4 | Characterization of the mutant FHAsp341Asn protein. a | Quaternary structure 
of the human wild-type FH tetramer, color-coded to show each subunit, with a 
depiction of the intramolecular interaction between the negatively charged carboxylic 
acid group in Asp341 and the positively charged ε-amino group of Lys337 (inset).  
b | Western blot of the pRCC-2-derived cell line UOK262 (P, parental cells) transduced 
with either an empty vector (EV) or vectors driving the expression of Flag-tagged wild-
type FH (Wt) or FHAsp341Asn. The exogenous protein (encoded by the retrovirus) can be 
distinguished from the endogenous protein by a short amino acid sequence (a tag) 
that was added to the FH sequence. Flag-tagged FH protein migrates in gels with a 
slower mobility and shows on top. The lower band, seen across all the samples and 
similarly recognized by anti-FH antibodies, is endogenous FH, which is mutant  
and nonfunctional in UOK262 cells. The ectopic, retrovirally encoded protein can also 
be recognized by antibodies directed specifically against the Flag tag (second panel). 
Tubulin is used as a control to show that the differences in signal are not due to 
differences in the amount of protein loaded. The blot shows expression in the 
corresponding lanes of ectopically expressed wild-type and mutant FHAsp341Asn protein. 
c | Western blot of protein extracts of the same cells plus a 786-O clear-cell RCC cell 
line as a control. In this case, samples were processed and evaluated under 
nondenaturing conditions that allow proteins to remain bound to each other in 
complexes. This panel shows that, while FH protein is found in large complexes 
(tetramers) in 786-O cells, in UOK262 cells endogenous mutant FH, while still able to 
assemble, forms smaller complexes. The introduction of wild-type FH into UOK262 
cells restores the formation of normal-sized tetrameric complexes, whereas the 
introduction of FHAsp341Asn fails to restore normal-sized complexes. Abbreviations: FH, 
fumarate hydratase; p-RCC-2, type-2 papillary renal cell carcinoma.
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had shown high avidity for 18FDG, which, like 2DG, is a 
glucose analog with a substitution of the hydroxyl group 
at position 2, suggesting that 2DG would similarly accu-
mulate in tumor cells. 2DG is transported into cells by 
glucose transporters, and, once inside cells, is phospho-
rylated by hexokinase to 2DG-6-phosphate. However, in 
contrast to glucose-6-phosphate, the lack of a hydroxyl 
group at position 2 precludes further metabolism. thus, 
2DG-6-phosphate acts as a competitive inhibitor of 
glucose-6-phosphate isomerase, which catalyzes the 
next step in glycolysis, as well as of glucose-6- phosphate 
dehydrogenase, which is involved in the pentose  
phosphate pathway.

two phase i clinical trials have evaluated 2DG in solid 
tumors.21,22 the studies differed in the maximum toler-
ated dose, which was reached in one study because of the 
observation of prolonga tion of the corrected Qt inter-
val (Qtc),21 but not in the other.22 However, both studies 
concurred that 2DG was well tolerated.

as there were no clinical trials of 2DG open, and fol-
lowing approval by the institutional review board, a 
single patient emergent investigational new drug request 
was filed with the FDa, and the drug was requested 

from the investigational new drug holder, threshold 
Pharmaceuticals (redwood City, Ca).

Owing to the patient’s heterozygous FH state, and an 
expected reduction in FH activity, there was a concern 
that the patient would be at increased risk of 2DG-related 
toxicities. Furthermore, there have been reports of muta-
tions in patients that not only result in loss-of-function, 
but that are also dominant-negative and interfere with 
the function of the wild-type protein encoded by the 
remaining wild-type allele.23 while our studies suggested 
that asp341asn interfered with tetramerization, suggest-
ing that it may not act in a dominant-negative fashion, 
further studies would be required to exclude this possi-
bility. as a precaution, 2DG was started at one-eighth 
of the target dose of 63 mg/kg. 2DG was administered 
orally once daily after an overnight fast under direct 
medical supervision. the patient tolerated the first dose 
without any problems. Given the advanced nature of her 
disease and concerns about an impending small bowel 
obstruction, the 2DG dose was rapidly escalated and, 
within a period of 8 days, the target dose was reached. 
the patient’s Qtc remained within the normal range, and 
except for grade 1 hypokalemia and hypomagnesemia, 
no other toxicities were apparent. unfortunately, 
however, 1 week after the target dose was reached, the 
patient developed abdominal pain, nausea and vomit-
ing, and was found to have a complete proximal small 
bowel obstruction. exploratory laparotomy revealed 
diffuse tumor infiltration, but no transition point could 
be identified. 2DG treatment was stopped, a jejunostomy 
tube was placed, and the patient was started on total  
parenteral nutrition (tPn).

2DG did not seem to be effective under the current 
dosing regimen, and we explored alternative strategies 
with the use of in vitro experiments (Box 2, Figure 5). 
the results prompted us to attempt more-frequent 
2DG administration. Once approval for this regimen 
had been obtained from the FDa, and while the patient 
was hospital ized and on telemetry, 2DG (63 mg/kg) was 
given every 8 h for the first 2 days, followed by every 
6 h on subsequent days. to minimize 2DG competition 
by circulating glucose, carbohydrates were eliminated 
from the tPn infusion and calories were provided in 
the form of fat and amino acids. On this regimen, the 
patient developed symptoms of hypoglycemia, including 
palpitations, clamminess and transient blurred vision. 
Circulating glucose levels were within the normal range 
and ketones were present in the urine. there were no 
electrolyte abnormalities, arrhythmias or Qtc prolonga-
tion, and echocardiography showed normal cardiac 
function. after 4 days on 6-hourly dosing and an inter-
val >24 h off 2DG (to avoid competition with 18FDG), 
18FDG-Pet/Ct was performed to evaluate the antitumor 
activity of the treatment. Compared to a scan performed 
3 weeks earlier (Figure 1e), tumor 18FDG uptake was  
increased (Figure 1f ).

while the increase in 18FDG uptake may have reflected 
a compensatory increase in glucose uptake as a result 
of glycolysis blockade, it could also have indicated 
tumor progression, and, in the absence of any evidence 

Box 2 | Sustained 2DG exposure required to abrogate tumor cell proliferation in vitro

Pharmacokinetic studies with a daily 2DG dose similar to that used in our patient 
had shown a peak blood concentration of 10–12 mg/dl and an elimination half-
life of 5–6 h.21 Based on these data, we estimated that 2DG levels would be 
~10% of fasting circulating glucose levels for ~4 h. We set out to determine the 
effects of such an exposure on FH-deficient tumor cells in culture. UOK262 cells, 
which do not tolerate low glucose levels, could be cultured on near-physiological 
glucose concentrations (150 mg/dl). To simulate daily dosing, the medium was 
supplemented with 10% 2DG for 4 h a day (pulse treatment). While this 2DG 
regimen decreased cell proliferation (Figure 5a), tumor cells continued to expand 
even with 2DG concentrations as high as 20% (data not shown). By contrast, 
sustained, uninterrupted treatment with 10% 2DG suppressed cell proliferation 
(Figure 5b). These data suggested that greater antitumor activity may be achieved 
in the patient with more-frequent 2DG dosing.

Abbreviations: FH, fumarate hydratase; 2DG, 2-deoxy-d-glucose.
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of antitumor activity, and despite the short treatment 
period, further 2DG treatment was stopped. several 
weeks later, following a course of sunitinib therapy, the 
patient developed septic shock, which ultimately led to 
her death.

Diagnosis
Despite the fact that the FH mutation seen in the patient 
was not previously associated with HLrCC, the diag-
nosis of HLrCC was supported by other evidence. the 
mutation was a missense mutation leading to a non-
conservative substitution of an amino acid that is con-
served throughout evolution and seems to be important 
for FH tetramerization. in addition, the wild-type allele 
was lost from the tumor, and the tumor exhibited very 
low levels of FH enzymatic activity. these data suggest 
that prCC-2 probably developed as a result of a pre-
disposition conferred by a germline loss-of-function 
mutation in the FH tumor suppressor gene.

Box 3 | 2DG inhibits mTORC1 in FH-deficient tumor cells

We studied the effects of 10% 2DG (~1 mM) on extracellular acidification rate  
(a surrogate for lactic acid production and glycolysis), oxygen consumption  
rate (an indicator of mitochondrial respiration) and cellular ATP levels in UOK262 
cells. Although 2DG blocked glycolysis and lowered ATP levels at 50-fold higher 
concentrations than those achieved in plasma, at 1 mM (16.4 mg/dl) the effects 
of 2DG were quite modest (Figure 6a). Even over the course of 24 h, 2DG only 
moderately affected ATP levels (Figure 6b). However, small changes in the 
energy state of cells may activate the energy-sensing kinase AMPK, which has 
been previously linked to mTORC1.29,30 Indeed, at pharmacologically relevant 
concentrations, 2DG led to the activation of AMPK in FH-deficient cells (Figure 7). 
Importantly, AMPK activation was associated with mTORC1 inhibition. To 
determine whether the inhibition of mTORC1 was mediated by AMPK, we tested 
whether mTORC1 inhibition by 2DG could be blocked by a drug preventing the 
activation of AMPK. AMPK inhibition by compound C allowed mTORC1 to remain 
active despite treatment with 2DG. These data suggest that, at pharmacologically 
relevant concentrations, 2DG activates AMPK in FH-deficient cells and leads to 
inhibition of mTORC1 in an AMPK-dependent manner.

Abbreviations: 2DG, 2-deoxy-d-glucose; AMPK, AMP-activated protein kinase; FH, fumarate 
hydratase; mTORC1, mammalian target of rapamycin complex 1.
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Treatment and management
as illustrated by poly(aDP-ribose) polymerase (ParP) 
inhibitors in BRCA1/2-deficient tumors,24 the loss of 
particular gene functions in tumors may create a state  
of dependency on specific pathways that, when disrupted 
therapeutically, may result in selective tumor killing. 
the BrCa1/2 proteins are required for Dna repair by 
homologous recombination, and inactivation of this 
pathway renders cells dependent on nonhomologous 
Dna repair mechanisms, which, when inhibited, cause 
selective tumor cell death.25

rCC offers a unique opportunity for molecular-based 
therapeutic approaches,26 and we reasoned that the FH 
enzymatic deficiency in the tumor, with consequent 
truncation of the tCa cycle, should render tumor 
cells dependent on glycolysis for atP generation. this 
hypothesis was supported by evidence from several labo-
ratories showing that FH-deficient cells accumulate tCa 
cycle intermediates and do not grow on nonfermentable 
carbon sources.12,18,19 Furthermore, an FH-deficient 

cell line (uOK262) that was generated from a prCC-2 
metastasis in an patient with HLrCC was shown to have 
profoundly impaired mitochondrial respiration, which is 
linked to the tCa cycle, and to be exquisitely dependent 
on glucose for cell proliferation and survival.11 Given the 
indispensable nature of atP for basic cellular processes, 
such as the generation and maintenance of a membrane 
potential and protein translation, disruption of glycolysis 
and atP production in tumor cells would be expected to 
result in their demise.

as continuous 2DG blocked the proliferation of 
FH-deficient cells in vitro, we sought to further character-
ize the effects of 2DG in this setting (Box 3, Figures 6,7). 
Our results showed that, at pharmacologically relevant 
concentrations, 2DG activates aMP-activated protein 
kinase (aMPK) in FH-deficient cells, leading to aMPK-
mediated inhibition of mtOrC1. Given the importance 
of mtOrC1 for cell growth and proliferation, mtOrC1 
inhibition may contribute to the anti proliferative effects 
of 2DG. the current patient had been previously treated 
with an mtOrC1 inhibitor, to which the tumor had 
become resistant; thus, the tumor would have been 
expected to be similarly resistant to mtOrC1 inhibition 
mediated by 2DG.

Conclusions
in this Case study, we describe a patient with FH-deficient 
prCC-2 treated with 2DG. to our knowledge, this is the 
first report exploring glycolytic inhibitors in tumors  
deficient for a tCa cycle enzyme.

a novel germline FH mutation was identified. while 
Dna testing of the patient’s parents was not performed, 
the absence of HLrCC symptoms in the parents suggests 
that the mutation occurred de novo. the type of muta-
tion (nonconservative missense mutation of a universally 
conserved residue), combined with the results of struc-
tural studies, reconstitution experiments and functional 
studies in the tumor, strongly suggested that this was a 
loss-of-function mutation. together with the finding of 
LOH in the tumor and the clinical presentation, these 
data established the diagnosis of HLrCC.

we reasoned that FH deficiency in the tumor would 
result in a vulnerability that could be exploited thera-
peutically for the benefit of the patient. Most tumors are 
thought to primarily utilize glycolysis for atP genera-
tion, a phenomenon known as the warburg effect.27 
Because of the inefficient atP generation by glycolysis, 
these tumors are glucose avid, which is the foundation 
for 18FDG-Pet imaging.28 this dependency on glycolysis 
would be expected to be further exacerbated by muta-
tions disrupting the tCa cycle. thus, tumors such as 
the one in the patient described here represent a unique 
opportunity for the evaluation of glycolytic inhibitors, 
which are being considered as broad anticancer agents.20 
Despite a compelling foundation upon which to evalu-
ate 2DG in our patient, the treatment was ultimately 
unsuccessful. Our in vitro modeling of once-daily 2DG 
dosing suggested that this regimen was insufficient to 
abrogate tumor cell proliferation. By contrast, sustained 
2DG exposure blocked cell prolifera tion. However, 
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Figure 7 | Western blot of UOK262 cells treated with 1 mM 2DG for the indicated 
periods of time in the presence of compound C (an AMPK inhibitor) or DMSO 
(vehicle). Treatment with 1 mM 2DG results in the activation of AMPK, determined 
here by increased phosphorylation of the α subunit and of its substrates ACC and 
Raptor, which is observed at 2 h and persists throughout the experiment. AMPK 
activation correlates with the inhibition of mTORC1, shown by a reduction in  
the level of phospho-S6 and, more directly, by decreased phosphorylation of the 
mTORC1 substrate 4E-BP1 (shown here by disappearance of the highly 
phosphorylated slow migrating form at the top). AMPK has been previously shown 
to inactivate mTORC1.29 To determine whether the inhibition of mTORC1 was 
mediated by AMPK, we tested whether mTORC1 inhibition by 2DG could be blocked 
by treatment with a drug preventing the activation of AMPK. As shown in the right 
panel, compound C, an AMPK inhibitor, markedly blunted AMPK activation by 2DG, 
which blocked mTORC1 inactivation. Abbreviations: 2DG, 2-deoxy-d-glucose; 4E-
BP1, initiation factor 4E-binding protein 1; ACC, acetyl-CoA carboxylase; AMPK, 
AMP-activated protein kinase; DMSO, dimethyl sulfoxide; mTORC1, mammalian 
target of rapamycin complex 1; Raptor, regulatory-associated protein of mTOR.
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more-frequent administration of 2DG in the patient did 
not result in obvious antitumor activity, at least as deter-
mined by 18FDG-Pet/Ct. although the treatment dura-
tion was short, if atP generation had been effectively 
blocked in the tumor, we would have expected to see an 
effect even in this small window of time.

Our data show that, at pharmacologically achiev-
able concentrations, 2DG activated aMPK, result-
ing in aMPK-dependent inhibition of mtOrC1 in 
FH-deficient cells. it remains to be determined whether 
2DG similarly inactivates mtOrC1 in tumors in vivo. 
In vitro studies showed that 2DG did not substantially 
affect glycolysis or atP levels at pharmaco logically 

relevant concentrations; however, continuous 2DG 
administration in the patient did result in symptoms of 
hypoglycemia indicative of successful glycolysis inhibi-
tion. the development of hypoglycemic symptoms, 
together with the lack of antitumor effect, suggests 
that even in tumors that may be particularly addicted 
to glyco lysis, the therapeutic window may be narrow, if 
existent at all. However, whether hypoglycemic symp-
toms were exacerbated by the heterozygous FH state of 
the current patient is unknown. thus, further investiga-
tions are needed to determine whether therapeutic 
strategies that aim to disrupt glycolysis in tumors will be 
feasible and effective.
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