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Epigenetic regulation, such as DNA methylation and histone 
modifications, plays important roles in governing gene expres-
sion patterns during human development and disease progres-

sion1,2. Inhibitors targeting epigenetic factors have been explored 
for cancer therapies and have undergone clinical trials, including 
DNA methyltransferase 1 inhibitors, histone deacetylase inhibitors 
and histone methyltransferase inhibitors3–5. Among these epigen-
etic inhibitors, those targeting histone methyltransferases (such 
as EZH2 and DOT1L) display impressive efficacy in patients with 
cancer6,7. This robust efficacy may also be attributed to the regu-
lation of the methylation of non-histone proteins such as Rb and 
p53, in addition to regulating histone methylation8–11. However, it 
remains largely unknown whether predominant oncogenic signal-
ling pathways that are frequently activated in human cancers, such 
as the PI3K–AKT signalling pathway, are subjected to methylation-
dependent regulation. Thus, the identification of the major onco-
genic proteins governed by methylation is critical to identify new 
therapeutic targets.

Hyperactivation of PI3K–AKT signalling is a central module 
of cell proliferation, survival and metabolic homeostasis in human 
cancers12,13. Physiologically, stimulations derived from various types 
of growth factors tend to activate AKT, which in turn phosphory-
lates distinct substrates to perform different biological processes13,14. 
Recently, emerging evidence has demonstrated that distinct sig-
nals govern AKT kinase activity. For example, the TRAF6- or SKP2-
mediated positive regulation of AKT in a ubiquitination-dependent 
manner15, the CDK2–cyclin A-mediated positive regulation of AKT 

in a tail phosphorylation-dependent manner16 and the pVHL-
mediated negative regulation of AKT in a hydroxylation-dependent 
manner17. However, the regulation of AKT by histone methyltrans-
ferases as a non-histone substrate is not well defined.

Here, we show that AKT1 methylation in its linker region is 
mediated by the histone methyltransferase SETDB1, which is 
antagonized by the demethylase KDM4B. Biologically, the absence 
of AKT1 methylation attenuates its kinase activity, which in turn 
represses cell growth, glucose uptake and tumorigenesis. As a 
result, deficiency in AKT methylation can physiologically decrease 
mouse body size and can protect mice from developing carcinogen-
induced skin tumours. Thus, our data unravel a profound role for 
the SETDB1–KDM4B axis in manipulating AKT activity and high-
light the histone methyltransferase SETDB1 as a potential target for 
combating hyperactive AKT-driven tumours.

Results
Methylation of AKT enhances its kinase activity. To identify 
important non-histone proteins that are regulated in a methylation-
dependent manner, we used a specific pan-lysine trimethylation 
(Kme3) antibody and performed a mass spectrometry (MS)-based 
screening of cell lysates derived from ovarian cancer cells10 (Fig. 1a;  
Supplementary Fig. 1a). Notably, an AKT1-derived peptide was 
identified, containing methylated modifications at two nearby evo-
lutionarily conserved lysine residues (K140 and K142) in the AKT1 
linker region (Fig. 1b; Supplementary Table 1). Furthermore, AKT1 
methylation was validated using the Kme3-specific antibody in cells 
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Fig. 1 | AKT methylation promotes its activity and oncogenic functions. a, A schematic workflow of IAP LC–MS/MS experiments. OVCAR5 cell lysates 
were proteolytically digested to perform IAP LC–MS/MS assays. b, Alignment of MS-characterized putative AKT1 methylation residues among different 
species, AKT2 and AKT3. PH, Pleckstrin homology domain; KD, kinase domain; HM, hydrophobic region. c, Immunoblot (IB) analysis of whole cell lysates 
(WCL) derived from DLD1-AKT1/2–/– cells infected with indicated AKT1-encoding lentivirus (Lenti) or empty lentivirus (EV) and selected with hygromycin 
(200 μ​g ml–1) for 72 h before collection. Data shown represent two independent experiments. d,e, Cells generated in c were subjected to colony-formation 
and soft agar assays. The experiments were performed twice independently with three repeats, and exhibited similar results (d). Representative images 
are shown in d, and relative colony numbers derived from two independent experiments are plotted in e. f–h, Cells generated in c were subjected to  
mouse xenograft assays. Tumour sizes were monitored (f), and dissected tumours were weighed (g,h). Data in f and h represent the mean ±​ s.e.m.,  
n =​ 7 mice. i,j, K140R and K142R mutations of AKT1 were genetically engineered in HEK293 cells using the CRISPR–Cas9-based technique. Resulting cells 
were serum-starved for 12 h and then collected for IB analysis at different time points after stimulation with insulin (100 nM) (i). The experiment was 
performed twice independently with similar results (i). Cells generated in i were assessed for proliferation assays (j). The experiment in j was performed 
three times independently, and exhibited similar results. Data in j represent the mean ±​ s.e.m., n =​ 3 independent experiments. k–m, Cells generated in i 
were subjected to colony formation (k), glucose uptake (l) and lactate production (m) assays. The experiments were performed twice independently with 
three repeats, and exhibited similar results (k–m). Relative colony numbers, glucose and lactate levels derived from two independent experiments are 
plotted in k–m. Two-way ANOVA was performed in f and j to calculate the P values. Detailed statistical tests are described in the Methods. Source data for 
e, f, h and j–m are shown in Supplementary Table 2. Scanned images of unprocessed blots are shown in Supplementary Fig. 8.
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treated with a global histone methylation inhibitor, 3-deazanepla-
nocin A (Supplementary Fig. 1b).

Additional MS analyses of ectopically expressed AKT1 fur-
ther confirmed the trimethylation of K140 and K142, for which 
monomethylation and dimethylation events were also identified 
(Supplementary Fig. 1c). Moreover, K64, another lysine residue 
in the PH domain of AKT1, was identified to be monomethyl-
ated in our system. Interestingly, mutation of both K140 and K142 
residues led to a dramatic reduction of AKT1 Kme3 signals in cells 
(Supplementary Fig. 1d), indicating that K140 and K142 might be 
the major AKT1 Kme3 residues. In addition, consistent with a previ-
ous report18, deletion of Smyd3, a gene that encodes a methyltransfer-
ase targeting MAP3K2, did not disturb AKT kinase activity in cells, 
even though an interaction of SMYD3 with AKT1 has been previ-
ously reported19 (Supplementary Fig. 1e–g). Given that both K140 
and K142 sites were identified at endogenous levels through our 
large-scale non-biased MS approach, we chose to mainly focus on 
understanding the contribution of K140 and K142 trimethylation to 
AKT activity and oncogenic functions in the remainder of this study.

Absence of AKT methylation represses its oncogenic functions 
in cells and increases resistance to carcinogen-induced skin 
tumours in vivo. To reveal the potential biological functions of 
trimethylation within its linker region of AKT1, a methylation-
deficient variant of AKT1 (K140R and/or K142R) was ectopically 
expressed in DLD1 cells in which both AKT1 and AKT2 were 
knocked out (DLD1-AKT1/2–/–). Compared to wild-type AKT1 
(AKT1-WT), the AKT1-K140/142R mutant, and to a lesser extent, 
AKT1-K140R and AKT-K142R, exhibited significantly reduced 
activation. This was shown by a marked reduction in AKT-pT308 
and AKT-pS473, as well as its downstream targets, pGSK3β​ and 
pFOXO3a (Fig. 1c; Supplementary Fig. 1h–j). This observation was 
associated with a reduction in AKT1 kinase activity, as observed in 
vitro (Supplementary Fig. 1k). As a consequence, absence of meth-
ylation on K140 and K142 led to reduced cell colony formation, 
anchorage-independent growth, glucose uptake and lactate pro-
duction in vitro (Fig. 1d,e; Supplementary Fig. 1l,m), and reduced 
tumour growth in vivo (Fig. 1f–h; Supplementary Fig. 1n,o).

To explore the role of AKT methylation under physiological 
conditions, we generated AKT1-K140/142R double mutations in 
HEK293 cells (termed AKT1K140/142R) using CRISPR–Cas9 (clustered 
regularly interspaced short palindromic repeats–CRISPR-associated 
protein-9)20 technology (Supplementary Fig. 1p–r). Notably, the pres-
ence of the K140/142R mutations in endogenous AKT1 decreased 
AKT phosphorylation in response to various stimuli (Fig. 1i; 
Supplementary Fig. 1s–u), and also compromised cell growth, colony 
formation, glucose uptake and lactate production (Fig. 1j–m). Next, 
we generated mice in which the AKT1-K140/142R double muta-
tion was knocked in (termed Akt1KI/KI) (Supplementary Fig. 2a–c).  
Compared with the WT mice, Akt1KI/KI mice exhibited a decrease 
in body size and weight (Fig. 2a,b; Supplementary Fig. 2d–f),  
organ size and weight (Fig. 2c; Supplementary Fig. 2g) and AKT 
kinase activity (Fig. 2d,e; Supplementary Fig. 2h), phenocopying 
Akt1–/– mice21. To pinpoint whether methylation-deficient mutants of 
Akt1 abrogate tumorigenesis in vivo, we utilized a two-step chemi-
cal carcinogen (DMBA (7,12-dimethylbenzanthracene) followed by 
TPA (12-O-tetradecanoylphorbol-13-acetate))-induced skin tumour 
model22. In this model, we observed that Akt1KI/KI mice displayed a 
lower incidence of skin tumours and reduced papilloma burden com-
pared with WT mice (Fig. 2f–h), which correlated with decreased 
AKT signalling (Fig. 2i). Together, these results support the notion 
that methylation of AKT in its linker region probably promotes AKT 
kinase activity and oncogenic functions both in vitro and in vivo.

SETDB1 methylates and activates AKT. Next, we set out to  
identify the physiological upstream methyltransferase (or  

methyltransferases) for AKT. Consistent with previous reports23–25, 
we found that there was a relatively strong physical interaction 
between AKT1 and two trimethyltransferases, SETDB1 and EZH2 
(Fig. 3a; Supplementary Fig. 2i). Interestingly, genetic alterations 
of both SETDB1 and EZH2 tended to mutually exclude altera-
tions in PI3K–AKT pathway-related genes, including PTEN defi-
ciencies, EGFR, PIK3CA or AKT1 amplifications, or mutations in 
human melanoma and breast cancer26 (Supplementary Fig. 2j). 
Furthermore, SETDB1, but not other methyltransferases, including 
EZH2, could enhance AKT trimethylation in cells (Supplementary 
Fig. 2i). This result indicates that unlike EZH2, which is a down-
stream substrate of AKT25, SETDB1 may be an upstream regulator 
of AKT methylation (Supplementary Fig. 2k).

Notably, SETDB1 specifically interacted with the PH domain 
of AKT1 and, to a lesser extent, AKT2 and AKT3 (Fig. 3b; 
Supplementary Fig. 2l,m). Interestingly, mutation of AKT1 meth-
ylated residues (K140/142R) markedly decreased the interaction 
of AKT1 with SETDB1 (Supplementary Fig. 3a). Importantly, the 
Tudor domain of SETDB1 was identified to bind AKT1, which was 
enhanced by enforcing the expression of WT, but not the SETDB1-
H1224K catalytic inactive mutant (Fig. 3c; Supplementary Fig. 3b). 
These results indicate that SETDB1 could be a potential reader 
of the AKT1-K140/K142 methylation events through its Tudor 
domain. Furthermore, by enhancing its interaction with AKT1, 
SETDB1 promoted AKT1 methylation on additional residues (such 
as K64). In addition, SETDB1 promoted AKT1 trimethylation in an 
enzymatic activity-dependent manner in cells (Fig. 3d), and muta-
tion of the K140 and/or K142 residue decreased SETDB1-mediated 
AKT1 trimethylation in cells (Supplementary Fig. 3c). Moreover, 
3H-S-adenosyl-methionine (SAM)-mediated in vitro methylation 
assays also indicated that SETDB1 could directly methylate AKT1 
at the K140 and K142 residues (Fig. 3e). Hence, these results coher-
ently support the notion that SETDB1 serves as a putative AKT1 
methyltransferase.

SETDB1 promotes cell growth and glycolysis through the 
methylation of AKT. As a histone H3 methyltransferase capable 
of catalysing trimethylation on K9 of histone H3 (H3K9me3)27, 
SETDB1 is amplified in various cancers28–31. Notably, we identified 
that in addition to localizing in the nucleus and modifying histone 
marks, SETDB1 occurs in the cytoplasm of cells (Supplementary 
Fig. 3d). To further elucidate the physiological functions attributed 
to methylated AKT1, we generated specific antibodies against tri-
methylation of AKT1 at K140 (termed K140me3), which was vali-
dated by dot blot and immunoprecipitation assays (Supplementary 
Fig. 3e,f), and recognized SETDB1-mediated trimethylation of 
AKT1 at K140 in cells (Fig. 3f; Supplementary Fig. 3g) and in vitro 
(Fig. 3g; Supplementary Fig. 3h). Additionally, genetic depletion 
of SETDB1 markedly reduced AKT1-K140me3 in cells (Fig. 3h–j;  
Supplementary Fig. 3i). Compared with AKT1-WT, a cancer 
patient-derived AKT1-E17K mutant32 displayed an enhanced inter-
action with SETDB1, coupled with an increase in its K140 methyla-
tion level (Fig. 3k; Supplementary Fig. 3j,k). These findings suggest 
that AKT1 is a bona fide methylation substrate of SETDB1.

Importantly, genetic deletion of Setdb1 in cells diminished AKT 
activation (Fig. 3i,j,l; Supplementary Fig. 3l–o). Furthermore, deple-
tion of endogenous SETDB1 by short hairpin RNA (shRNA) also 
reduced AKT-pT308 in different cancer cell lines (Supplementary 
Fig. 4a,b), leading to suppression of colony formation, anchorage-
independent growth and glucose uptake in cells (Supplementary 
Fig. 4c–f). Conversely, ectopic expression of SETDB1-WT, but 
not SETDB1-H1224K27, induced AKT-pT308 in Setdb1-deficient 
mouse embryonic fibroblasts (MEFs) (Fig. 3l). Collectively, these 
results indicate that the activation of AKT by SETDB1 appears to be 
methylation-dependent. Of note, consistent with a previous report28, 
immunohistochemistry (IHC) staining revealed that compared to 
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Fig. 2 | Methylation-deficient Akt1 knock-in mice display reduced body size and weight and are resistant to chemical carcinogen-induced skin 
tumorigenesis in vivo. a, Mice derived from the same litter were imaged at 4 weeks of age. b, The 4-week-old mice were weighed (comprising 15 male 
mice, with 5 WT, 5 heterogeneous (WT/KI) and 5 homogenous Akt1K140/142R (KI/KI) genetic background status). Data represent the mean ±​ s.e.m.,  
n =​ 5 mice. P values were calculated using two-tailed unpaired Student’s t-test. c, The mice in b were killed and their organs were dissected and weighed. 
Data represent the mean ±​ s.e.m., n =​ 5 mice. P values were calculated using two-tailed unpaired Student’s t-test. d, IB analysis of WCL derived from 
livers or hearts of WT, Akt1K140/142R knock-in heterogeneous or homogenous mice from the same litter at the age of 4 weeks. The experiment was 
performed twice, independently, with similar results obtained. e, Representative images of H&E and IHC staining of heart and liver tissues derived from 
WT or Akt1K140/142R knock-in mice. Scale bar, 50 μ​m. This experiment was performed twice independently, with similar results obtained. f, Side view of 
12-week-old mice derived from WT or Akt1K140/142R knock-in mice treated with chemical carcinogen (DMBA followed by TPA). The neoplasm lesions are 
indicated by arrowheads. g,h, The tumour incidence (g) and lesion numbers (h) of the mice described in f were calculated and plotted. Data represent 
the mean ±​ s.e.m. (n =​ 16 mice for WT mice, n =​ 11 for Akt1K140/142R mice). i, After 12 weeks of treatment with DMBA and TPA, the mice were killed, and 
H&E (left) and IHC staining (right) were performed. Scale bar, 1 mm. The experiment in was performed twice independently, with similar results obtained. 
Statistical source data for b, c, g and h are shown in Supplementary Table 2. Scanned images of unprocessed blots are shown in Supplementary Fig. 8.
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nevus tissues, SETDB1 is highly expressed in melanoma, especially 
in metastatic malignancies (Fig. 3m,n), and positively correlates 
with AKT1-K140me3 and AKT-pS473 IHC signals (Fig. 3o–q).

SETDB1 is suggested to accelerate melanoma onset in coop-
eration with BRAFV600E (ref. 28). Given that coordinated actions of 
BRAFV600E with activated AKT are required to promote melanoma-
genesis33,34, we employed a well-established human immortalized 
melanocyte (HIM) model35 to examine whether SETDB1 modulates 
the activation of AKT. To this end, we found that concomitant acti-
vation of AKT and ERK signalling by SETDB1 and BRAFV600E led to 
a marked enhancement of anchorage-independent cell growth, cou-
pled with increased AKT phosphorylation (Fig. 4a–c). Furthermore, 
deletion of endogenous AKT1 in HEK293 cells compromised the 
oncogenic capability of SETDB1 to promote cell colony formation 
compared with parental cells (Fig. 4d–f).

More importantly, depletion of SETDB1 resulted in decreased AKT 
phosphorylation and cellular malignant phenotypes in AKT1-WT-
expressing DLD1-AKT1/2–/– cells, but did not in AKT1-K140/142R-
expressing cells that already displayed relatively lower oncogenic 
capacity than WT cells (Fig. 4g–j). These results indicate that AKT 
is probably one of the major downstream pathways through which 
SETDB1 exerts its oncogenic role. Consistently, re-introduction of 
constitutively active AKT1 (myr-AKT1) partially restored the colony 
formation capability of SETDB1-depleted A375 cells (Supplementary 
Fig. 4g,h). Furthermore, SETDB1 was capable of accelerating cell 
growth and colony formation in AKT1WT, but not in the methylation-
deficient AKT1K140/142R-expressing HEK293 cells (Fig. 4k–n). Hence, 
our results suggest that SETDB1 may exert its oncogenic roles largely 
through AKT activation in a methylation-dependent manner.

SETDB1-mediated AKT methylation crosstalks with PI3K-
mediated AKT phosphorylation. It is well established that AKT 
activation requires the PI3K-dependent generation of phosphati-
dylinositol (3,4,5)-trisphosphate (PtdIIns(3,4,5)P3), which binds to 
the PH motif of AKT at the plasma membrane36–38. We explored the 
temporal relationship between methylation-dependent and PI3K-
dependent activation of AKT in cells. We found that the interaction 
between AKT1 and SETDB1, and subsequent methylation of AKT, 
temporally coincided with AKT-pT308 following insulin or insu-
lin-like growth factor (IGF) stimulation (Fig. 5a; Supplementary  
Fig. 4i–k). Interestingly, PI3K inhibitors, but not AKT1 mutated 
variants (T308A and/or S473A), diminished the interaction of 
AKT1 with SETDB1 and decreased AKT1-K140 methylation in 
cells (Fig. 5b; Supplementary Fig. 4l,m). This indicates that the PI3K 
pathway may function upstream of SETDB1-mediated AKT meth-
ylation to govern AKT activation. In further support of this notion, 
the non-PtdIns(3,4,5)P3 binding mutation of AKT1-R25C39 largely 
impaired the interaction between AKT and SETDB1, leading to a 
marked decrease in AKT1-K140 methylation (Fig. 5c,d).

To further pinpoint the potential role of PtdIns(3,4,5)P3 in medi-
ating the interaction between SETDB1 and the PH motif of AKT1, 
we performed in vitro binding assays. The results showed that 
the interaction of SETDB1 with AKT1-WT, but not AKT1-R25C, 
was enhanced by PtdIns(3,4,5)P3 in vitro (Fig. 5e; Supplementary  
Fig. 5a–e), indicating that PIP3 binding could induce a conformation 
change in the PH motif, which facilitates AKT1 binding to SETDB1. 
Importantly, PTEN deficiency dramatically increased AKT1-K140 
methylation coupled with increased AKT-pT308 (Supplementary 
Fig. 5f). Together, these data suggest that SETDB1 probably mediates 
AKT methylation in a PI3K catalytic activity-dependent manner.

Consistent with the finding that methylation of AKT1 could 
promote AKT-pT308, we observed that WT, but not the catalyti-
cally inactive SETDB1-H1224K, induced the interaction of AKT1 
with PDK1 in cells (Fig. 5f; Supplementary Fig. 5g). Moreover, the 
methylation-deficient AKT1 mutant (K140/142R) or depletion of 
SETDB1 displayed an attenuated interaction with PDK1 compared 

with AKT1-WT (Fig. 5g,h; Supplementary Fig. 5h). In further sup-
port of the role for AKT methylation in controlling its activation, 
reducing AKT methylation by deleting Setdb1 or introducing the 
AKT1-K140/142R mutation diminished the interaction of AKT1 
with PtdIns(3,4,5)P3 (Fig. 5i,j), and subsequently led to a marked 
decrease in the association of AKT1 with the cell membrane (Fig. 5k,l;  
Supplementary Fig. 5i–m). These results indicate that methylated 
AKT1 may have a greater propensity to bind PtdIns(3,4,5)P3 and 
translocate to the cellular membrane to achieve full activation. Thus, 
there is probably an intrinsic interplay between PI3K-mediated and 
SETDB1-mediated pathways to tightly control the spatial and tem-
poral activation of AKT (Supplementary Fig. 5n).

Given that TRAF6-mediated AKT ubiquitination has a criti-
cal role in regulating AKT membrane translocation15,40,41, we also 
found that WT, but not the SETDB1-H1224K mutant, increased the 
interaction between AKT1 and TRAF6 (Supplementary Fig. 5o), 
resulting in increased AKT ubiquitination (Supplementary Fig. 5p). 
Furthermore, compared with AKT1-WT, AKT1-K140/142R dis-
played a reduced interaction with TRAF6 (Supplementary Fig. 5q), 
resulting in decreased AKT ubiquitination (Supplementary Fig. 5r). 
These findings suggest that SETDB1-induced methylation prob-
ably mediates the interaction of AKT1 with TRAF6, and subsequent 
AKT ubiquitination may promote the membrane translocation of 
methylated AKT (Supplementary Fig. 5n).

KDM4B demethylates and attenuates AKT kinase activity. 
Importantly, the Jumonji 2 (JMJD2, also termed KDM4) family of 
proteins have been shown to function as specific erasers of SETDB1-
mediated H3K9me342; therefore, we assessed their ability to demeth-
ylate AKT1-K140me3. Notably, among all members of the KDM4 
family, KDM4A and KDM4B, and to a lesser extent KDM4C, were 
observed to interact with AKT1 (Fig. 6a; Supplementary Fig. 6a).  
Furthermore, in vitro demethylation assays42 demonstrated that 
KDM4B-WT, but not the catalytically inactive KDM4B-H189A or 
other KDM4 members, could efficiently erase the trimethylation of 
AKT1 at K140 in vitro (Fig. 6b; Supplementary Fig. 6b–e) and in 
cells (Supplementary Fig. 6f). Moreover, the interaction between 
KDM4B and AKT1 was readily induced by enforcing the expression 
of SETDB1-WT, but not its catalytic mutant (Fig. 6c). We further 
found that AKT1 interacts with KDM4B through its Tudor domain 
(Supplementary Fig. 6g–j) in a methylation-dependent manner 
(Fig. 6d,e; Supplementary Fig. 6k,l). Hence, these data indicate that 
KDM4B might be a bona fide demethylase of AKT1.

KDM4B depletion concomitantly increased AKT-pT308 
and K140me3 in multiple cell lines with AKT1-WT, but not in 
AKT1K140/142R cells (Fig. 6f–h; Supplementary Fig. 6m–p). Strikingly, 
depletion of KDM4A led to a reduction in AKT phosphorylation 
levels (Supplementary Fig. 6q,r). In addition, depletion of KDM4B, 
but not KDM4A, largely enhanced AKT1 membrane transloca-
tion (Fig. 6i; Supplementary Fig. 6s). Furthermore, the interaction 
between AKT1 and KDM4B primarily occurred in the later phase 
of insulin stimulation (Supplementary Fig. 6t). This interaction was 
abolished by PI3K inhibitors (Fig. 6j). Consistent with the finding 
that KDM4B interacts with methylated AKT, the patient-derived 
mutation (AKT1-E17K) increased the interaction between AKT1 
and KDM4B, while the non-PtdIns(3,4,5)P3 binding mutation 
(AKT1-R25C) had the opposite effect (Fig. 6k). Clinically, KDM4B 
was expressed at relatively high levels in benign nevus compared 
to malignant melanoma (Fig. 6l,m). This observation correlated 
with decreased AKT-pS473 and K140me3 IHC signals (Fig. 6l,n,o). 
Taken together, these data suggest that KDM4B might function as 
a negative regulator, antagonizing SETDB1-mediated methylation 
and activation of AKT.

SETDB1 is a potential therapeutic target of AKT-driven cancers. 
Given the critical role for the PI3K–AKT pathway in facilitating 
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tumorigenesis, targeting hyperactive PI3K–AKT signalling via PI3K 
and/or AKT inhibitors has been pursued as a promising antican-
cer therapeutic approach. However, relatively high doses of these 
inhibitors induces cellular toxicity, restricting their potential use as a  
treatment option in patients with cancer43,44. Thus, our finding that 
SETDB1 synergizes with PI3K to activate AKT kinase (Supplementary 
Fig. 7a) indicates that SETDB1-specific inhibitors could benefit 
patients with cancer by targeting both H3K9-mediated epigenetic 
and PI3K–AKT oncogenic pathways. In support of this hypothesis, 
we found that depletion of SETDB1 significantly decreased A375 
tumour growth in vivo (Fig. 7a–d), which was coupled with a reduc-
tion in H3K9me3 and AKT phosphorylation (Fig. 7e).

Consistent with a previous report45, we found that mithramycin A, 
an antineoplastic antibiotic, markedly decreased SETDB1 expression  

and H3K9me3 in different cells. Mithramycin A subsequently 
led to reduced AKT methylation and phosphorylation (Fig. 7f; 
Supplementary Fig. 7b) and decreased the interaction between AKT1 
and PDK1 (Fig. 7g). Biologically, mithramycin A attenuated the phos-
phorylation and colony formation of cells expressing AKT1-WT, but 
not in AKT1/2-depleted DLD1 cells or AKT1K140/142R-edited HEK293 
cells (Fig. 7h–j; Supplementary Fig. 7c–e). To explore the potential 
antitumour roles of mithramycin A in vivo, we treated nude mice 
bearing A375 or DLD1 xenografted tumours, and found that mith-
ramycin A significantly decreased tumour growth compared with the 
vehicle treatment (Fig. 7k–n; Supplementary Fig. 7f–i). Conceivably, 
the reduction of SETDB1 expression mediated by mithramycin A 
decreased H3K9me3 and AKT phosphorylation (Supplementary 
Fig. 7j). Taken together, these results suggest that SETDB1 inhibition 
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Scanned images of unprocessed blots are shown in Supplementary Fig. 8.
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could benefit patients with cancer by repressing AKT oncogenic sig-
nalling in addition to its well-characterized role in reprogramming 
the epigenome (Supplementary Fig. 7k).

Discussion
To identify novel non-histone methylated proteins involved in 
oncogenic signalling pathways, we performed a MS-based high-
throughput screen and detected numerous proteins modified by 
lysine trimethylation. We showed that AKT1 could be methylated 
in its linker region, which was enhanced during physiological condi-
tions such as growth factor (insulin or IGF) stimuli or pathological 
conditions, such as the AKT1-E17K mutation or PTEN deficiency. 
Absence of AKT methylation repressed its kinase activity and mark-
edly decreased cell growth, glucose uptake and tumorigenesis. More 
strikingly, methylation-deficient Akt1 knock-in mice exhibited 
decreased body weight and size, which phenocopied Akt1 knockout 
mice46. Importantly, we also observed that methylation-deficient Akt1 
knock-in could attenuate tumorigenesis in a carcinogen-induced 
skin tumour mouse model. Further investigations will be needed to 
determine whether knock-in methylation-deficient Akt1 in genetic 
alteration models, such as KRasG12D mutation and p53 depletion-
mediated lung cancer models (KP mice)47, could efficiently compro-
mise lung tumorigenesis through decreased AKT activity.

Among the known upstream signals, AKT1-pT308 mediated by 
PDK1 is pivotal for AKT activation in a PtdIns(3,4,5)P3-dependent 
fashion48. Here, we observed that SETDB1-mediated AKT methylation 
crosstalks with PI3K-mediated AKT phosphorylation. We suspect that 
the binding of PtdIns(3,4,5)P3 to the PH domain of AKT could ‘unlock’ 
the AKT autoinhibition conformation. This conformation change 
could be necessary for SETDB1 to interact with the AKT PH domain 
and to methylate AKT in its exposed linker region, in turn enhancing 
the interaction of AKT with its upstream kinase PDK1 (Supplementary 
Fig. 5n). We also observed that SETDB1 enhanced the interaction 
of AKT with TRAF6 to facilitate AKT ubiquitination, subsequent 
PtdIns(3,4,5)P3 binding and membrane translocation (Supplementary 
Fig. 5n). Our model suggests a loop of AKT activation triggered by 
PtdIns(3,4,5)P3 accumulation or the AKT1-E17K mutation, which 
could be antagonized by the demethylase KDM4B (Supplementary 
Fig. 5n). Additionally, the SETDB1 Tudor domain interacts with AKT1 
mainly in the context of the AKT1 linker region being methylated. 
Thus, we speculate that methylation of the linker region could be the 
primary modification that enhances the interaction of SETDB1 with 
AKT1, and sequentially promotes the methylation of AKT on other 
lysine residues (such as K64 in the PH domain of AKT). Consistent 
with our findings, another group also revealed that SETDB1-mediated 
AKT1 trimethylation at K64 plays an important role in AKT interact-
ing with and being ubiquitinated by TRAF6 to facilitate AKT mem-
brane translocation and kinase activation49. Therefore, the complicated 
connection and crosstalk of the SETDB1-mediated methylation of 
different lysine residues on AKT, including K140/K142 in the linker 
domain and K64 in the PH domain, warrants further investigation.

Finally, our study revealed that SETDB1 accelerates tumorigen-
esis largely through AKT activation in a methylation-dependent 
manner. As such, the function of SETDB1 is not restricted to the 
nucleus to repress gene transcription; SETDB1 also methylates 
non-histone proteins in the cytoplasm, such as AKT, to activate its 
oncogenic functions.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
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Methods
Cell culture, transfection and cell fractionations. Cell line sources are detailed 
in the Reporting Summary. All cell lines were free of mycoplasma contamination 
(tested by the vendor). HEK293, HEK293T, DLD1, OVCAR5 and A375 cells were 
cultured in DMEM medium supplemented with 10% fetal bovine serum (FBS),  
100 units of penicillin and 100 μ​g ml–1 streptomycin. HCT116 PTEN+/+ and PTEN–/– 
cells were gifts from T. Waldman (School of Medicine, Georgetown University). 
Setdb1f/f-ER-Cre MEFs were gifts from Y. Shinakai and M. C. Lorincz50. DLD1-
AKT1/2–/– and counterpart cells were provided by B. Vogelstein (Johns Hopkins 
University School of Medicine), and these cells were maintained in DMEM 
supplemented with 10% FBS. HIM cells were cultured in keratinocyte serum-
free medium (Gibco Life Technologies), supplemented with epidermal growth 
factor (EGF; 5 ng ml–1) and bovine pituitary extract (40 pg ml–1). Cell transfection 
was performed using Lipofectamine and Plus reagents, as described previously17. 
Packaging of lentiviral shRNA- or complimentary DNA (cDNA)-expressing viruses 
and retroviral cDNA-expressing viruses, as well as subsequent infection of various 
cell lines, were performed according to previously described protocols17. Following 
viral infection, cells were maintained in the presence of hygromycin (200 μ​g ml–1) 
or puromycin (1 μ​g ml–1) depending on the viral vectors used to infect cells.

To prepare primary MEFs, Jmjd2bflox/flox mice were crossed, and fibroblasts were 
established from embryonic day 13.5 embryos according to standard procedures. 
In brief, the embryos were dissociated and then trypsinized to produce single-cell 
suspensions. The cells were maintained in DMEM supplemented with 10% fetal 
calf serum (FCS), L-glutamine and antibiotics. The cells were infected with phage-
Cre lentiviruses for 2 days to delete Jmjd2b. Kras;p53 and Kras;p53;Smyd3–/– cells 
derived from mouse lung and pancreas were obtained from P. K. Mazur (Stanford 
University School of Medicine)18.

Cell fractionations were performed using a Cell Fractionation kit (Cell 
Signaling Technology, 9038). The kinase inhibitors wortmannin (Selleck, S2758), 
BKM120 (Selleck, S2247) and LY294002 (Selleck, S1105) were used at the indicated 
doses. Mithramycin A (Sigma, M6891), growth factors, including EGF (Sigma, 
E9644), insulin (Invitrogen, 41400-045) and IGF (Sigma, SRP3069), were used 
at the indicated doses. PtdIns(3,4,5)P3 beads (P-B00Ss) and free PtdIns(3,4,5)P3 
(P-3908) were purchased from Echelon Biosciences.

Plasmid construction. Constructs of pcDNA3-HA-AKT1, pcDNA3-HA-AKT2, 
pcDNA3-HA-AKT3 and pcDNA3-HA-myr-AKT1, pcDNA3-HA-AKT1-E17K, 
pET-GSK3β​ and pCMV-Flag-PDK1 were produced as previously described17. 
pCMV-Flag-EZH2, pCMV-Flag-SET7, pCMV-Flag-SET8 and pCMV-Flag-
MMSET were purchased from Addgene. pCDNA-Flag-SETDB1 and pCDNA-Flag-
SETDB1-H1224K were gifts from G. P. Pfeifer51. pCMV-Flag-KDM4A, -KDM4B, 
-KDM4C and -KDM4D were obtained from Y. Shi (Harvard Medical School). 
pCMV-GST-PDK1, pCMV-GST-SETDB1, pCMV-GST-AKT1, pCMV-GST-AKT1-
PH (aa1–108), pCMV-GST-AKT1-Linker (aa109–150), pCMV-GST-AKT1-KD 
(aa151–408), pCMV-GST-AKT1-HM (aa409–481), pCMV-GST-SETDB1-Tudor 
(aa257–318), pCMV-GST-KDM4A, pCMV-GST-KDM4C, pCMV-GST-KDM4D, 
pCMV-GST-KDM4B, pCMV-GST-KDM4B-jmj (aa1–180), pCMV-GST-KDM4B-
Linker (aa181–425) and pCMV-GST-KDM4B-PHD-Tudor (aa181–425) were 
cloned into mammalian expression glutathione S-transferase (GST)-fusion vectors. 
Details of plasmid constructions are available upon request.

Various AKT1 and KDM4B mutants were generated using a QuikChange 
XL Site-Directed Mutagenesis kit (Stratagene) according to the manufacturer’s 
instructions. All mutants were generated using mutagenesis PCR, and the 
sequences were verified by DNA sequencing. sh-Akt1-resistant mutants were 
generated with specific primers as previously described16.

Antibodies. All antibodies were used at a 1:1,000 dilution in TBST buffer with 5% 
non-fat milk for western blotting. Anti-phospho-Ser473-AKT antibody (4060), anti-
phospho-Thr308-AKT antibody (2965), anti-AKT1 antibody (2938), anti-AKT total 
antibody (4691), anti-PDK1 antibody (13037), anti-SMYD3 antibody (12859), anti-
H3K9me3 antibody (13969), anti-pan-Kme3 antibody (14680), anti-AIF (apoptosis-
inducing factor) antibody (5318), anti-histone H3 antibody (4499), anti-H3K4me2 
antibody (9725), anti-phospho-Ser9-GSK3β​ antibody (5558), anti-GSK3β​ antibody 
(12456), anti-phospho-FOXO1 (Thr24)/FOXO3A (Thr32) antibody (9464), 
anti-FOXO3A antibody (2497), anti-GST antibody (2625), anti-pS6K1 (Thr389) 
antibody (9205), anti-S6K1 antibody (2708) and anti-pS240/244-S6 antibody (5364) 
were obtained from Cell Signaling Technology. Anti-SETDB1 antibody (11231) was 
obtained from Proteintech. Anti-KDM4A (A300-860A) and anti-KDM4B (A301-
478A) antibodies were purchased from Bethyl. Anti-AKT1 agarose beads (sc-5298) 
and polyclonal anti-haemagglutinin (HA) antibody (sc-805) were obtained from 
Santa Cruz Biotechnology. Polyclonal anti-Flag antibody (F-2425), monoclonal 
anti-Flag antibody (F-3165, clone M2), anti-tubulin antibody (T-5168), anti-Flag 
agarose beads (A-2220), anti-HA agarose beads (A-2095), peroxidase-conjugated 
anti-mouse secondary antibody (A-4416) and peroxidase-conjugated anti-rabbit 
secondary antibody (A-4914) were obtained from Sigma. Monoclonal anti-HA 
antibody (MMS-101P) was obtained from Covance.

The polyclonal AKT1-K140me3 antibodies generated by Cell Signaling 
Technology were derived from rabbits, with each hydroxylation residue producing 
four clones. The antigen sequence used for immunization was AKT1 aa130–152 

(GAEEMEVSLAKPKHRVTMNEFEY). K represents the trimethylation residue 
in this synthetic peptide. The antibodies were affinity purified using an antigen 
peptide column, but they were not counter-selected on unmodified antigen.

shRNAs, sgRNAs and CRISPR–Cas9-mediated knock-in and knockout assays. 
shRNAs against SETDB1 were gifts from H. P. Koeffler52, and shRNAs against 
KDM4A were gifts from C. Wang53. shRNAs against KDM4B were reported 
previously20,54.

The lentiviruses for CRISPR–Cas9-based editing of AKT1 were generated 
by cloning the annealed single guide RNAs (sgRNAs) into BsmBI-digested 
lentiCRISPR V2 vector, which encodes both Cas9 and an sgRNA of interest,  
as previously described20. The sgRNAs were designed using a CRISPR  
Design tool (crispr.mit.edu) and are as follows: sghAKT1 no.1 Forward:  
5′​-CACCGTGAAGAGATGGAGGTGTCCC-3′​; Reverse: 5′​-AAACGGGA 
CACCTCCATCTCTTCAG-3′​; sghAKT1 no.2 Forward: 5′​-CACCGTGGGGA 
CAGGCCTCACCACG-3′​; Reverse: 5′​-AAACCGTGGTGAGGCCT 
GTCCCCAC-3′​.

For knock-in experiments, the lentiCRISPR V2 constructs containing sgRNA 
(as mentioned above) were co-transfected with template DNA into HEK293 
cells. After selected with puromycin for 2 days, resulting cells were seeded into 
96-well plates with 1 cell per well. After culture for ~2 weeks, the single clone was 
expanded to a 12-well plate, at the same time, the genomic DNA of each clone 
was collected using DNA Extract Solution (Epicentre), and PCR was performed 
with primers that covered the guide RNA sequence (~600 bp). The PCR products 
were digested with SacII, which can digest the knock-in genome but not the WT 
AKT1 genome. The genomic DNAs of the digested clone were then subjected 
to sequencing to confirm the knock-in sequence. The examined clones were 
expanded and prepared for further studies.

The AKT-K140/142R guide DNA sequence is as follows:
GGAGATGGACTTCCGGTCGGGCTCACCCAGTGACAACTCAGGGGC

TGAAGAGATGGAGGTGTCCCTCGCCAGGCCGCGGCATCGCGTGGTGAG-
GCCTGTCCCCACTTCTGCCTGTGCCTGGGGCTGCCTTGGACTGTGGAGG
GCTGGGTG (the bold text indicates mutant nucleotides that restore K140/142 to 
R140/142, and at the same time generate a new Sac II digest site. The underlined 
nucleotides indicate the destruction of the sgRNA recognition site).

Generation and validation of Akt1K140/142R knock-in mice. sgRNAs were 
synthesized using the in vitro transcription method (PNA Bio Company) 
with the following sequences: TGAAGAGATGGAGGTGTCCC and 
TGTGGTGAGTCTGGGCTCTG. Cas9 enzyme protein was obtained from 
PNA Bio. Mutated mouse genomic single strand template DNA (ssODN) was 
synthesized by Integrated DNA Technologies using the following sequence: GGA
CTCAAGAGGCAGGAAGAAGAGACGATGGACTTCCGATCAGGCTCACCC
AGTGACAACTCAGGGGCTGAAGAGATGGAGGTGTCCCTCGCCAGGCCGC 
GGCATCGTGTGGTGAGTCTGGGCTCTGCTTCTGCTGGGGCTGCCAGGGG
TTGTGGAGGGACCTGGTAGGTCCTGGTATTCCTGCCTGGCTTCCTGTAT
GG (the bold text indicates mutant nucleotides that restore K140/142 to R140/142, 
and at the same time generate a new Sac II digest site. The underlined nucleotides 
indicate the destruction of the sgRNA recognition site). The mixture of Cas9 
protein (200 ng μ​l–1), sgRNA(s) (100 ng μ​l–1) and ssODN DNA (10–70 ng μ​l–1) in 
50 μ​l was utilized for generating knock-in mice by the transgenic facility at the Beth 
Israel Deaconess Medical Center.

The genomic DNAs derived from the tail of edited mice were extracted using 
QuickExtract DNA extraction solution (Epicentre, QE09050), and PCR was 
performed with the following primers: 5-AGGCCCAGGATCTGAGTGG (mAkt1-
geno-5′​) and 5-TCAGCGGGCATCTTCATATTAC (mAkt1-geno-3′​). The PCR 
products were digested with Sac II for 1 h or subjected to Sanger sequencing with 
the primer 5-GACAAGCACTCTGCCAACTG (mAkt1-seq-3′​). The validated 
heterogeneous knock-in mice (termed founder mice, P1) were selected and crossed 
to each other, and WT, heterogeneous and homogenous Akt1K140/142R knock-in mice 
were obtained (termed P2). Furthermore, we crossed homogenous knock-in mice 
with WT C57BL6 mice (Jackson Laboratories) and obtained the heterogeneous 
Akt1K140/142R knock-in mice (termed P3). Then we crossed these heterogeneous 
knock-in mice to each other and obtained WT, heterogeneous and homogenous 
knock-in mice (termed P4). At this time point, we monitored the body size, 
organ size as well as AKT signalling among WT, heterogeneous and homogenous 
Akt1K140/142R knock-in mice. To further diminish the nonspecific effect of genomic 
editing, we crossed back the homogenous knock-in mice (P4) with WT C57BL6 
mice again to generate heterogeneous knock-in mice (P5) for further crossing and 
phenotype monitoring.

All experimental procedures were approved by the Institutional Animal Care 
and Use Committee (IACUC, RN150D) at the Beth Israel Deaconess Medical 
Center (protocol no. 043-2015). The research projects that are approved by the 
IACUC are operated according to the applicable institutional regulations. The 
Institute is committed to the highest ethical standards of care for animals used for 
the purpose of continued progress in the field of human cancer research.

IAP (Immunoaffinity purification)-LC–MS/MS screening. The experiments 
were performed as previously reported10. Briefly, OVCAR5 cell lysates were 
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proteolytically digested then purified over a Sep-Pak C18 cartridge. After 
dissolving in IAP buffer (50 mM MOPS, pH 7.2, 10 mM sodium phosphate, 
50 mM NaCl), the recovered peptides were purified with trimethylation-
specific antibodies. Finally, the enriched peptides were subjected to liquid 
chromatography (LC) tandem MS (LC–MS/MS) to identify the trimethylation sites 
in corresponding proteins.

Two-step chemical carcinogen-induced skin tumours. Two-step chemical 
carcinogen-induced skin tumours were generated as described previously22. In 
brief, the shaved naked back of 4–6-week-old WT or Akt1K140/142R knock-in mice 
were painted with 150 μ​g of DMBA (Sigma, D3254) dissolved in 200 μ​l acetone. 
After recovering for 2 weeks, the mice were treated with 20 μ​g of TPA (LC 
laboratories, P1680) in 200 μ​l acetone twice per week for 15 weeks. The neoplasms 
were monitored and then dissected out after the mice were killed. The samples 
were then subjected to haematoxylin and eosin (H&E) and IHC staining.

Immunoblot and immunoprecipitation analyses. Cells were lysed in EBC buffer 
(50 mM Tris (pH 7.5), 120 mM NaCl, 0.5% NP-40) supplemented with protease 
inhibitors (Complete Mini, Roche) and phosphatase inhibitors (phosphatase 
inhibitor cocktail set I and II, Calbiochem). The protein concentrations of whole 
cell lysates were measured using a Beckman Coulter DU-800 spectrophotometer 
and Bio-Rad protein assay reagent. Equal amounts of whole cell lysates were 
resolved by SDS–polyacrylamide gel electrophoresis (PAGE) and immunoblotted 
with indicated antibodies. For immunoprecipitation analysis, 1,000 μ​g lysates were 
incubated with the indicated antibody (1–2 μ​g) for 3–4 h at 4 °C followed by 1 h 
incubation with Protein A/G sepharose beads (GE Healthcare). The recovered 
immunocomplexes were washed five times with NETN buffer (20 mM Tris 
(pH 8.0), 150 mM NaCl, 1 mM EDTA and 0.5% NP-40) before being resolved 
by SDS–PAGE and immunoblotted with indicated antibodies. Quantification of 
immunoblot band intensities was performed using Image J software.

Melanoma and nevus tissue microarray and IHC staining. A tissue microarray 
containing 18 nevi, 33 metastatic melanomas and 49 malignant melanomas was 
obtained from Biomax (ME1004f).

IHC was performed on 4-μ​m-thick, formalin-fixed paraffin-embedded 
(FFPE) sections. FFPE sections were deparaffinized using xylene and rehydrated 
in graded ethanol. Sections were heated in a pressure cooker to 125 °C for 30 s 
and 90 °C for 10 s in citrate buffer (pH 6.0) for antigen retrieval. All sections were 
incubated with peroxidase (Dako, S2003) and protein blocking reagents (Dako, 
X0909) for 5 min each. Sections were then incubated with anti-AKT-pS473 (1:50; 
Cell Signaling Technology, 4060), anti-AKT-K140me3 (1:200), anti-pS420/424-S6 
(1:1,500; Cell Signaling Technology, 5364) or anti-SETDB1 (1:100; Cell Signaling 
Technology, 93212) antibody diluted in Dako diluent with background-reducing 
components (Dako, S3022) for 1 h at room temperature. Following primary 
antibody incubation, sections were incubated with monoclonal mouse anti-rabbit 
immunoglobulins (Dako, M0737) for 30 min at room temperature. Afterwards, 
sections were incubated with Envision +​ System-HRP Labeled Polymer Anti-
Rabbit (Dako, K4003) for 30 min. All sections were developed using a DAB 
chromogen kit (Dako, K3468) and lightly counterstained with haematoxylin.  
The score of the IHC signals was judged by two independent pathologists in a 
blinded manner.

Purification of GST- and His-tagged proteins from bacteria. Recombinant  
GST-conjugated KDM4B catalytic domain and histidine (His)-conjugated  
GSK3β​ were generated by transforming the BL21 (DE3) Escherichia coli strain  
with pGEX-KDM4B-Cata and pET-28a-GSK3β​, respectively. Starter cultures 
(5 ml) grown overnight at 37 °C were inoculated (1%) into larger volumes (500 ml). 
Cultures were grown at 37 °C until an optical denisty of 0.8, following which 
protein expression was induced for 12–16 h using 0.1 mM IPTG (isopropyl-β​-D- 
thiogalactoside) at 16 °C with vigorous shaking. Recombinant proteins were 
purified from collected pellets. Pellets were re-suspended in 5 ml EBC buffer and 
sonicated (5 cycles of 10 s each at 50% output). Insoluble proteins and cell debris 
were discarded following centrifugation in a table-top centrifuge (13,000 r.p.m. 
at 4 °C for 15 min). Each 1 ml of supernatant was incubated with 50 µ​l of 50% 
glutathione-sepharose slurry (Pierce) or Ni-beads (Qiagen) for 3 h at 4 °C. The 
glutathione beads were washed three times with PBS buffer (1 ml per wash) and 
stored at 4 °C in PBS buffer containing 10% glycerol or eluted by elution buffer. The 
Ni-beads were washed three times with 50 mM Tris-Cl (pH 8.0) containing 20 mM 
imidazole, and eluted by Tris buffers containing 100 mM imidazole. Recovery and 
yield of the desired proteins (or complexes) were confirmed by analysing 10 µ​l of 
beads by Coomassie blue staining and quantified against BSA standards.

Purification of His-AKT1 protein from insect S9 cells. Akt1 cDNA was cloned 
into an insect cell expression vector, pFastBac-HT A (Invitrogen), in frame with 
a His tag at the amino terminus. Constructs were transformed into DH10Bac 
bacteria (Invitrogen) to generate bacmid DNAs. Akt baculoviruses were produced 
in Sf9 insect cells according to the manufacturer’s specification. His-tagged 
proteins were purified on HisPur Cobalt resin (Thermo Scientific) and eluted using 
imidazole (Sigma). In brief, Sf9 insect cells expressing His-tagged Akt proteins 

were collected and washed once with ice-cold PBS. The cell pellet was then re-
suspended for 30 min at 4 °C in lysis buffer containing 10 mM HEPES (pH 7.6), 
3 mM MgCl2, 300 mM KCl, 5% glycerol, 0.5% NP-40, 10 mM imidazole, 1 mM 
Na2VO4, 20 mM NaF, 1 mM sodium pyrophosphate, 25 mM β​-glycerophosphate 
and complete EDTA-free protease inhibitors (Roche). The cell lysate was cleared by 
centrifugation for 20 min at 21,000 ×​ g and 4 °C. While centrifuging the supernatant 
a second time in the same condition, HisPur Cobalt resin (Thermo Scientific) 
was equilibrated in the lysis buffer. The cell lysate was incubated with the resin 
for at least 1 h and afterward extensively washed with the lysis buffer. His-tagged 
Akt proteins were then eluted from the resin in several fractions using a buffer 
containing 10 mM HEPES (pH 7.6), 3 mM MgCl2, 300 mM KCl, 10% glycerol and 
250 mM imidazole.

Peptide synthesis and dot blot assays. Amino-terminal biotinylated peptides used 
for dot blot assays were synthesized at Tufts Medical School at 0.1 mmol scale. The 
sequences are as follows:

AKT1-K140-WT (aa131–151): AEEMEVSLAKPKHRVTMNEFE;
AKT1-K140me3: AEEMEVSLA*KPKHRVTMNEFE;
AKT1-K140/142me3: AEEMEVSLA*KP*KHRVTMNEFE (where the asterisk 

denotes trimethylation).

Peptides were diluted to 1 μ​M for further biochemical assays. For dot blot 
assays, peptides were spotted onto a nitrocellulose membrane, allowing the solution 
to penetrate (usually 3–4 mm diameter) by applying it slowly as a volume of 1 μ​l. 
The membrane was dried, and nonspecific sites were blocked by soaking in TBST 
buffer with 5% non-fat milk for immunoblot analysis as described previously17.

AKT in vitro kinase assays. AKT in vitro kinase assays were performed using an 
adapted version of a previously described protocol16. Briefly, 1 μ​g of the bacterially 
purified His-GSK3β​ fusion proteins were incubated with immunoprecipitated 
AKT1 from HEK293 cells transfected with various mutant AKT1 in the presence of 
100 ng [γ​S]ATP (Abcam, 138911) in kinase reaction buffer (50 mM Tris (pH 7.5), 
1 μ​M MnCl2, 2 mM dithiothreitol (DTT)) for 30 min at 30 °C. The reaction 
was subsequently stopped by adding in 0.1 mM EDTA, and further reacted for 
another 1 h by adding pNitrobenzyl mesylate (Abam, 138910) to alkylate the 
thiophosphorylation site on the substrates. The reaction was stopped by adding  
3×​ SDS loading buffer and resolved by SDS–PAGE. Phosphorylation of  
His-GSK3β​ was detected by a specific antibody that recognizes the thiophosphate 
ester, as previously reported55.

In vitro methylation and demethylation assays. The in vitro methylation 
assays were performed as previously described56. In brief, Flag-tagged SETDB1 
was expressed and purified from HEK293T cells serving as the source of 
methyltransferase. The AKT1 proteins, including GST-tagged AKT1 expressed 
and purified from HEK293T cells, recombinant His-AKT1 obtained from 
ThermoFisher Scientific, or the AKT1 peptides synthesized from Tufts, were used 
as substrates. The reactions were performed in a solution of 50 mM Tris-HCl 
(pH 8.5), 5 mM MgCl2, 4 mM DTT and 10 μ​M SAM at 37 °C for 6 h.

Demethylation assays were performed as reported previously57. In brief, the 
bacterially purified KDM4B catalytic domain (aa1–400) was used as the source 
of demethylase, and the synthetic AKT1-K140me3 peptides were used as the 
substrates. The reactions were performed in the a solution of 50 mM Tris-HCl 
(pH 8.2), 2% glycerol, 0.1% MgCl2, 0.1% KCl and 0.1 mM phenylmethyl sulfonyl 
fluoride at 37 °C for 12 h.

In vivo ubiquitination assays. AKT ubiquitination assays were performed as 
reported previously41. Briefly, His-ubiquitin along with different variants of  
AKT1 were transfected into cells, and resulting cells were lysed in buffer A  
(6 M guanidine-HCl, 0.1 M Na2HPO4/NaH2PO4 and 10 mM imidazole (pH 8.0)) 
and subjected to sonication. After high-speed centrifugation, the supernatants  
were incubated with nickel-beads (Ni-NTA; Qiagen) for 3 h at room temperature.  
The products were washed twice with buffer A, twice with buffer A/TI (1 volume 
buffer A and 3 volumes buffer TI), and one time with buffer TI (25 mM Tris-HCl 
and 20 mM imidazole (pH 6.8)). The pull-down proteins were resolved in 8%  
SDS–PAGE for immunoblot analysis.

MS analyses. For MS analyses, anti-HA immunoprecipitations were performed 
with the whole-cell lysates derived from three 10-cm dishes of HEK293 cells 
co-transfected with Flag-SETDB1 and HA-AKT1. The immunoprecipitated 
proteins were resolved by SDS–PAGE and identified by Coomassie staining. The 
band containing AKT1 was reduced with 10 mM DTT for 30 min, alkylated with 
55 mM iodoacetamide for 45 min, and in-gel digested with trypsin enzymes. The 
resulting peptides were extracted from the gel and analysed by microcapillary 
reversed-phase (C18) LC–MS/MS using a high-resolution QExactive HF Orbitrap 
(ThermoFisher Scientific) in positive ion data-dependent acquisition mode (Top 8) 
via higher energy collisional dissociation coupled to a Proxeon EASY-nLc II nano-
HPLC58. MS/MS data were searched against the UniProt Human protein database 
(v.20151209, containing 21,024 entries) using Mascot 2.5.1 (Matrix Science), and 
data analysis was performed using Scaffold 4.4.8 software (Proteome Software). 
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Peptides and modified peptides were accepted if they passed a 1% false-discovery 
rate threshold.

Colony-formation assays. Cells were seeded into 6-well plates (300 or 600 cells per 
well) and left for 8–12 days until the formation of visible colonies. Colonies were 
washed with PBS and fixed with 10% acetic acid/10% methanol for 20 min, then 
stained with 0.4% crystal violet in 20% ethanol for 20 min. After staining, the plates 
were washed and air-dried, and colony numbers were counted.

Soft agar assays. Anchorage-independent cell growth assays were performed as 
described previously16. Briefly, the assays were performed using 6-well plates in 
which the solid medium consisted of two layers. The bottom layer contained 0.8% 
noble agar and the top layer contained 0.4% agar suspended with 1 ×​ 104 or 3 ×​ 104 
cells. Complete DMEM (500 μ​l) was added every 7 days to keep the top layer 
moist, and 4 weeks later, the cells were stained with iodonitrotetrazolium chloride 
(1 mg ml–1; Sigma, I10406) for colony visualization and counting.

Glucose uptake and lactate production assays. For glucose uptake assays, cells 
were cultured in 60-cm plates and were starved for 24 h with serum-free and 
glucose-free DMEM, then subjected to 20 μ​M 2-NBDG (Sigma, 72987) containing 
glucose-free DMEM for different time points. The cellular glucose uptake was 
quantified by fluorescence-activated cell sorting (FACS) analysis using BD 
FACSDiva 6.1.3 software.

For lactate production assays, cells were plated onto 60-cm plates and cultured 
for 24 h. Then the culture medium was collected, and lactate concentration was 
measured with lactate test strips and an Accutrend Lactate analyzer (Accutrend 
Lactate, Nova Biomedical). At the same time, viable cell numbers were counted 
under a microscope. The relative lactate production was calculated using the 
following formula: relative lactate production =​ lactate concentration/cell numbers. 
Date were normalized to the ratio obtained using control cells.

Mouse xenograft assays. Mouse xenograft assays were performed as described 
previously4. Briefly, 2 ×​ 106 DLD1-AKT1/2–/– cells stably expressing WT or the 
K140/142R mutant form of AKT1, or 1 ×​ 106 A375 cells with SETDB1 knocked 
down, were injected into the flank of 8 female nude mice (NCRNU-M-M from 
Taconic, 4–5 weeks of age). Tumour size was measured every 3 days with a  
caliper, and the tumour volume was determined using the following formula: 
L ×​ W2 ×​ 0.5, where L is the longest diameter and W is the shortest diameter.  
In the drug treatment group, when the tumour reached 100 mm3, the mice  
were intraperitoneally injected with mithramycin A (0.2 mg per kg) or PBS  
(as a negative control) every other day. After ~18 days, mice were killed and the 
xenografted solid tumours were dissected. The tumour weights were measured  
and recorded post-necropsy.

Statistics and reproducibility. Statistical analyses (two-tailed Student’s t-test) 
were performed using Prism 8 (GraphPad Software) for Figs. 1h, 2b,c and 7n, and 
Supplementary Fig. 7i in this manuscript. To calculate the P values between groups 
in Figs. 1f,j, 2h,l and 7b,l, and Supplementary Fig. 7g, two-way analysis of variance 
(ANOVA) was performed using Prism 8. Chi-squared tests were also performed 
to analyse the P values for Figs. 3j,l,m and 6m–o using Prism 8. All the calculated 
P values are indicated in the corresponding figures, and derived from three 
independent experiments with three technical replicates for each experiment.  

MS screens were performed twice successfully. All the western blots were 
performed twice independently, and similar results were obtained. In vitro 
methylation assays were performed once in Fig. 3e, and performed twice in Fig. 3g 
and Supplementary Fig. 3h independently, with similar results obtained. In vitro 
demethylation, ubiquitination, soft agar, colony formation, glucose uptake and 
lactate production assays were performed twice independently, with similar results 
obtained. To knockout or knockdown genes of interest, at least two independent 
sgRNAs or shRNAs were employed to generate cell lines, and similar results were 
found in all cell lines.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The MS-based screening data generated in this study have been deposited in 
ProteomeXchange under the accession code PXD011657. The SETDB1, EZH2, 
PTEN, EGFR, PIK3CA and AKT1 genetic alterations in TCGA datasets were 
integrated from the cBioPortal database (www.cbioportal.org), with the query of 
genes “ESET”, “EZH2”, “PTEN”, “EGFR”, “PIK3CA” and “AKT1” for both mutation 
and copy number alterations (CNAs) in different cancer types, such as BRCA and 
melanoma. Information regarding each cancer study is as follows: one dataset for 
BRCA (TCGA, provisional); one dataset for melanoma (TCGA, provisional). The 
source data for Figs. 1e,f,h,j–m, 2b,c,g,h, 3n,p,q, 4c,f,h,j,l,n, 6m–o and 7b,d,j,l,n, 
and Supplementary Figs. 1l,m, 2e,f, 3o, 4c–f,h and 7e,g,i have been provided as 
Supplementary Table 2. All other data supporting the findings of this study are 
available from the corresponding author upon reasonable request.

References
	50.	Liu, S. et al. Setdb1 is required for germline development and silencing of 

H3K9me3-marked endogenous retroviruses in primordial germ cells. Genes 
Dev. 28, 2041–2055 (2014).

	51.	Li, H. et al. The histone methyltransferase SETDB1 and the DNA 
methyltransferase DNMT3A interact directly and localize to promoters 
silenced in cancer cells. J. Biol. Chem. 281, 19489–19500 (2006).

	52.	Sun, Q. Y. et al. SETDB1 accelerates tumourigenesis by regulating the WNT 
signalling pathway. J. Pathol. 235, 559–570 (2015).

	53.	Ding, X. et al. Epigenetic activation of AP1 promotes squamous cell 
carcinoma metastasis. Sci. Signal. 6, ra28 (2013).

	54.	Kawazu, M. et al. Histone demethylase JMJD2B functions as a co-factor of 
estrogen receptor in breast cancer proliferation and mammary gland 
development. PLoS ONE 6, e17830 (2011).

	55.	Allen, J. J. et al. A semisynthetic epitope for kinase substrates. Nat. Methods 
4, 511–516 (2007).

	56.	Shi, X. et al. Modulation of p53 function by SET8-mediated methylation at 
lysine 382. Mol. Cell 27, 636–646 (2007).

	57.	Huang, J. et al. p53 is regulated by the lysine demethylase LSD1. Nature 449, 
105–108 (2007).

	58.	Breitkopf, S. B., Yuan, M., Helenius, K. P., Lyssiotis, C. A. & Asara, J. M. 
Triomics analysis of imatinib-treated myeloma cells connects kinase 
inhibition to RNA processing and decreased lipid biosynthesis. Anal. Chem. 
87, 10995–11006 (2015).

Nature Cell Biology | www.nature.com/naturecellbiology

http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD011657
http://www.cbioportal.org
http://www.nature.com/naturecellbiology


1

nature research  |  reporting sum
m

ary
April 2018

Corresponding author(s): Wenyi Wei

Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main 
text, or Methods section).

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND 
variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars 
State explicitly what error bars represent (e.g. SD, SE, CI)

Our web collection on statistics for biologists may be useful.

Software and code
Policy information about availability of computer code

Data collection Zen (Zeiss) software was used to collect image. FACSDiva (BD Bioscience) software was used to collect flow cytometry data.

Data analysis We used the Image J software to quantify the protein bands intensity and used the GraphPad (PRISM 8) to generate the graph figures 
and statistic analyses. We used Mascot 2.5.1 and vScaffold 4.4.8 to analyze the mass spectrometry results. We used BD FACSDiva 6.1.3 
software for Flow analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers 
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

 Source data for Fig. 1a and Supplementary Fig. 1a have been provided as Supplementary Table 1. The mass spectrometry-based screening data generated in this 



2

nature research  |  reporting sum
m

ary
April 2018

study have been deposited in ProteomeXchange under the accession code PXD011657 and are available to the public. All other data supporting the findings of this 
study are available from the corresponding author on reasonable request.
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For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculations were performed. Sample size was determined according to our experience as well as literature reporting  in terms 
of specific experiment. 

Data exclusions No samples or animals were excluded from the analyses

Replication Multiple independent repeats were included for related experiments. Each experiment was performed for at least twice to make sure similar 
results are reproducible. Animal-related experiments and mass spectrometry experiments have been done once.

Randomization 6-8 week female nude mice were chosen as xenograft hosts. 10 days female and male WT and AKT1-K140/142R-Knockin mice were chosen to 
monitor the body weight. 4 weeks female and male WT and AKT1-K140/142R-Knockin mice were chosen for carcinogen treatment. All these 
mice were randomly allocated into experimental groups.

Blinding For cell-based experiments Western blotting, immunostaining and FACS,  cell types were known when prepare the samples or start to treat 
cells at the beginning of experiments. Data measurement for cell number and colony formation and soft agar assays were blinded to different 
person who processed assay at the time.  IHC staining analysis were performed and analyzed blindedly.

Reporting for specific materials, systems and methods

Materials & experimental systems
n/a Involved in the study

Unique biological materials

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used All antibodies were used at a 1:1000 dilution in TBST buffer with 5% non-fat milk for western blot. 

 
 Anti-phospho-Ser473-Akt antibody (Cell Signaling Technology, 4060), anti-phospho-Thr308-Akt antibody (Cell Signaling 
Technology, 2965), anti-Akt1 antibody (Cell Signaling Technology, 2938), anti-Akt total antibody (Cell Signaling Technology, 
4691), anti-phospho-Ser9-GSK3b antibody (Cell Signaling Technology, 5558), anti-GSK3b antibody (Cell Signaling Technology, 
12456), anti-phospho-FOXO1 (Thr24)/FOXO3A (Thr32) antibody (Cell Signaling Technology, 9464), anti-FOXO3A antibody (Cell 
Signaling Technology, 2497), anti-GST antibody (Cell Signaling Technology, 2625), anti-pS6K1 (Thr389) antibody (Cell Signaling 
Technology, 9205), anti-S6K1 antibody (Cell Signaling Technology, 2708) and anti-pS240/244-S6 antibody (Cell Signaling 
Technology, 5364), Anti-SETDB1 antibody (Proteintech, 11231), Anti-KDM4A antibody (Bethyl, A300-860A), anti-KDM4B  
antibody (Bethyl, A301-478A), polyclonal anti-HA antibody (Santa Cruz, 805), Polyclonal anti-Flag antibody (Sigma, F-2425), 
monoclonal anti-Flag antibody (Sigma, F-3165, clone M2), anti-Tubulin antibody (Sigma, T-5168), anti-Flag agarose beads (Sigma, 
A-2220), anti-HA agarose beads (Sigma, A-2095), peroxidase-conjugated anti-mouse secondary antibody (Sigma, A-4416) and 
peroxidase-conjugated anti-rabbit secondary antibody (Sigma, A-4914), Monoclonal anti-HA antibody (Covance, MMS-101P) .  
The polyclonal Akt1-K140-me3 antibodies generated by Cell Signaling Technology (CTS) were derived from rabbit, with each 
hydroxylation residue produced four clones. The antigen sequence used for immunization was Akt1 aa130-152 
(GAEEMEVSLAKPKHRVTMNEFEY). K stands for tri-methylation residue in this synthetic peptide. The antibodies were affinity 
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purified using the antigen peptide column, but they were not counter selected on unmodified antigen.  

Validation All antibodies used in our study have been validated and detailed information could be found on the website from manufactures 
as listed below. Some of them have also been validated by our experiments as shown in this manuscript using either over-
express, knockout or knockdown strategies.   
phospho-Ser473-Akt, https://www.cellsignal.com/products/primary-antibodies/phospho-akt-ser473-d9e-xp-rabbit-mab/4060 
 
phospho-Thr308-Akt, https://www.cellsignal.com/products/primary-antibodies/phospho-akt-thr308-c31e5e-rabbit-mab/2965?
site-search-type=Products&N=4294956287&Ntt=%282965%29%2C&fromPage=plp&_requestid=740425 
 
Akt1 antibody,   https://www.cellsignal.com/products/primary-antibodies/akt-pan-c67e7-rabbit-mab/4691?site-search-
type=Products&N=4294956287&Ntt=%284691%29%2C&fromPage=plp&_requestid=740463 
 
Akt total antibody,  https://www.cellsignal.com/products/primary-antibodies/akt1-c73h10-rabbit-mab/2938?site-search-
type=Products&N=4294956287&Ntt=%282938%29%2C&fromPage=plp&_requestid=740451 
 
phospho-Ser9-GSK3b antibody, https://www.cellsignal.com/products/primary-antibodies/phospho-gsk-3b-ser9-d85e12-xp-
rabbit-mab/5558?site-search-type=Products&N=4294956287&Ntt=%285558%29%2C&fromPage=plp&_requestid=740494 
 
GSK3bantibody,  https://www.cellsignal.com/products/primary-antibodies/gsk-3b-d5c5z-xp-rabbit-mab/12456?site-search-
type=Products&N=4294956287&Ntt=%2812456%29&fromPage=plp&_requestid=740502 
 
phospho-FOXO1 (Thr24)/FOXO3A (Thr32) antibody, https://www.cellsignal.com/products/primary-antibodies/phospho-foxo1-
thr24-foxo3a-thr32-antibody/9464?site-search-type=Products&N=4294956287&Ntt=+%289464%
29&fromPage=plp&_requestid=740513 
 
FOXO3A antibody,  https://www.cellsignal.com/products/primary-antibodies/foxo3a-75d8-rabbit-mab/2497?site-search-
type=Products&N=4294956287&Ntt=%282497%29&fromPage=plp&_requestid=740526 
 
GST antibody,  https://www.cellsignal.com/products/primary-antibodies/gst-91g1-rabbit-mab/2625?site-search-
type=Products&N=4294956287&Ntt=%282625&fromPage=plp&_requestid=740541 
 
pS6K1 (Thr389) antibody, https://www.cellsignal.com/products/primary-antibodies/phospho-p70-s6-kinase-thr389-
antibody/9205?site-search-type=Products&N=4294956287&Ntt=%289205%29&fromPage=plp&_requestid=740549 
 
S6K1 antibody,  https://www.cellsignal.com/products/primary-antibodies/p70-s6-kinase-49d7-rabbit-mab/2708?site-search-
type=Products&N=4294956287&Ntt=%282708%29&fromPage=plp 
 
pS240/244-S6 antibody,  https://www.cellsignal.com/products/primary-antibodies/phospho-s6-ribosomal-protein-ser240-244-
d68f8-xp-rabbit-mab/5364?site-search-type=Products&N=4294956287&Ntt=5364%29&fromPage=plp&_requestid=740580 
 
SMYD3 antibody, https://www.cellsignal.com/products/primary-antibodies/smyd3-d2q4v-rabbit-mab/12859?site-search-
type=Products&N=4294956287&Ntt=smyd3&fromPage=plp 
 
H3K9me3 antibody,  https://www.cellsignal.com/products/primary-antibodies/tri-methyl-histone-h3-lys9-d4w1u-rabbit-
mab/13969?site-search-type=Products&N=4294956287&Ntt=h3k9me3+&fromPage=plp 
 
Pan-Kme3 antibody (14680), https://www.cellsignal.com/products/primary-antibodies/tri-methyl-lysine-motif-tme-k-d1l1x-
rabbit-mab/14680?_=1541688963603&Ntt=Tri-Methyl-lys&tahead=true 
 
AIF antibody, https://www.cellsignal.com/products/primary-antibodies/aif-d39d2-xp-rabbit-mab/5318?site-search-
type=Products&N=4294956287&Ntt=aif&fromPage=plp 
 
Histone H3 antibody, https://www.cellsignal.com/products/primary-antibodies/histone-h3-d1h2-xp-rabbit-mab/4499?site-
search-type=Products&N=4294956287&Ntt=histone+h3&fromPage=plp 
 
PDK1 antibody, https://www.cellsignal.com/products/primary-antibodies/pdk1-d4q4d-rabbit-mab/13037?site-search-
type=Products&N=4294956287&Ntt=pdk1&fromPage=plp 
 
anti-SETDB1, https://www.cellsignal.com/products/primary-antibodies/eset-d4m8r-xp-rabbit-mab/93212 
 
H3K4me2, https://www.cellsignal.com/products/primary-antibodies/di-methyl-histone-h3-lys4-c64g9-rabbit-mab/9725?
_=1541689459579&Ntt=H3K4me2,&tahead=true 
 
SETDB1 antibody (11231),  https://www.ptglab.com/products/SETDB1-Antibody-11231-1-AP.htm 
 
KDM4A, https://www.bethyl.com/product/A300-860A/JMJD2A+Antibody 
 
KDM4B, https://www.bethyl.com/product/A301-478A?referrer=search 
 
Akt1 agarose beads, https://www.scbt.com/scbt/product/akt1-antibody-b-1 
 
polyclonal anti-HA antibody (sc-805), https://www.scbt.com/scbt/product/ha-probe-antibody-y-11?requestFrom=search 
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Polyclonal anti-Flag antibody (F-2425), https://www.sigmaaldrich.com/catalog/product/sigma/f7425?lang=en&region=US 
 
monoclonal anti-Flag antibody (F-3165, clone M2), https://www.sigmaaldrich.com/catalog/product/sigma/f3165?
lang=en&region=US 
 
Tubulin antibody (T-5168), https://www.sigmaaldrich.com/catalog/product/sigma/t5168?lang=en&region=US 
 
Flag agarose beads (A-2220), https://www.sigmaaldrich.com/catalog/product/sigma/a2220?lang=en&region=US 
 
HA agarose beads (A-2095), https://www.sigmaaldrich.com/catalog/product/sigma/a2095?lang=en&region=US 
 
peroxidase-conjugated anti-mouse secondary antibody (A-4416), https://www.sigmaaldrich.com/catalog/product/sigma/a4416?
lang=en&region=US 
 
peroxidase-conjugated anti-rabbit secondary antibody (A-4914), https://www.sigmaaldrich.com/catalog/product/sigma/a4914?
lang=en&region=US 
 
Monoclonal anti-HA antibody (MMS-101P), https://www.biolegend.com/en-us/products/purified-anti-ha-11-epitope-tag-
antibody-11374

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) HEK293, HEK293T, DLD1, OVCAR5, HIM and A375 cells were obtained from American Type Culture Collection (ATCC). 
HCT116 PTEN+/+ and PTEN-/- cells were obtained from Dr. Todd Waldman in School of Medicine, Georgetown University. 
Setdb1f/f-ER-Cre mouse embryonic fibroblasts (MEFs) were obtained as gifts from Drs. Yoich Shinakai and Matthew C. 
Lorincz. DLD1-AKT1-/-AKT2-/- (termed AKT1/2-/-) and counterpart cells were kindly provided by Dr. Bert Vogelstein (Johns 
Hopkins University School of Medicine). Jmjd2bflox/flox MEFs were generated by Dr. Hitoshi Okada (Kindai University of 
Medicine). Kras;p53 and Kras;p53;sMYD3-/- cells derived from mouse lung and pancreas were obtained from Pawel K. Mazur 
at Stanford University School of Medicine.

Authentication Cell lines were not authenticated.

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

HEK-293T cells were used to for lentiviral and retroviral production. 

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals NU/J nude female mice at 4-6 week old were purchased from Taconic mouse facility. For Tumor xenograft models, tumor cells 
were injected subcutaneously into both flanks of 6-8 week old female nude mice. All animal experiments were approved by All 
experimental procedures were approved by the Institutional Animal Care & Use Committee (IACUC, RN150D) at Beth Israel 
Deaconess Medical Center with protocol #043-2015. The research projects that are approved by the IACUC are operated 
according the applicable Institutional regulations. AKT1-K140/142R knockin mice were generated by BIDMC transgenic facility 
with C57BL6 mice (Jackson Lab). 10 days female and male WT and AKT1-K140/142R-Knockin mice were genotyped and chosen to 
monitor the body weight. 4 weeks female and male WT and AKT1-K140/142R-Knockin mice were chosen for carcinogen 
treatment. All these mice were randomly allocated into experimental groups.

Wild animals No wild animals involved in this study.

Field-collected samples This study didn't involve samples collected from field.

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cells were cultured in 60 cm plates, and were starved for 24 hrs with serum-free and glucose-free DMEM, then subjected to 20 
uM 2-NBDG (Sigma 72987) containing glucose-free DMEM for different time points. Last, the cellular glucose uptake was 
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quantified by FACS analysis. 

Instrument Using BD FACSCanto II Flow instrument

Software Using BD FACSDiva 6.1.3 software to collect data and analyze data.

Cell population abundance At least 10000 cells were analyzed for each sample.

Gating strategy Cell population gating (FSC-Area VS FSC-Height) was adopted to make sure doublet exclusion and only single cell was used for 
analysis.  A figure exemplifying the gating strategy is provided in the Supplementary Table 2. 

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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