
Figure 7: Acutely inducing AKT1/AKT2 deletion triggers rapid turnover of brown adipocytes. (A) Body weight and BAT fat weights of Akt1/2ucp1ERcKO and littermate controls
(Akt1/2 floxed) 1 or 3 weeks after tamoxifen treatment (1 week post tamoxifen: Akt1/2 floxed n ¼ 11, Akt1/2ucp1ERcKO n ¼ 10. 3 weeks post tamoxifen: Akt1/2 floxed n ¼ 8, Akt1/
2ucp1ERcKO n ¼ 10; t-test by time point). (B) WAT fat weights of Akt1/2ucp1ERcKO and littermate controls (Akt1/2 floxed) 1 or 3 weeks after tamoxifen treatment (1 week post
tamoxifen: Akt1/2 floxed n ¼ 11, Akt1/2ucp1ERcKO n ¼ 10. 3 weeks post tamoxifen: Akt1/2 floxed n ¼ 8, Akt1/2ucpERcKO n ¼ 10; t-test by time point). (C) Representative H&E
images of iBAT of Akt1/2ucp1ERcKO and littermate controls (Akt1/2 floxed) 1 or 3 weeks after tamoxifen treatment (n ¼ 4). (D) Western blots of the iBAT of Akt1/2ucp1ERcKO and
littermate controls (Akt1/2 floxed) 1 or 3 weeks after tamoxifen treatment. (E) qPCR analysis of the iBAT of Akt1/2ucp1ERcKO and littermate controls (Akt1/2 floxed) 1 or 3 weeks after
tamoxifen treatment (n ¼ 8; t-test by time point).
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[66e69]. However, the genetic determinants of body fat patterning
remain unknown. Here, we show that deleting Akt2 in the Myf5-
lineage redistributes body fat by reducing the size of Myf5-lineage
depots and enlarging Myf5-lineage negative depots, consistent with
the hypothesis that signaling or metabolic variation between lineages
may affect body fat patterning [18,19,21,30]. Notably, mice studied
here were young (six weeks old) and living in standard conditions (i.e.
22 �C and chow diet); further research is needed to understand the
role of adipocyte AKT signaling in adult fat distribution at thermo-
neutrality and on different diets.
Conditional knockouts of AKT1 and/or AKT2 in skeletal muscle or
satellite cells have not previously been described [70] and their skeletal
muscle functions have been largely inferred from transgenic, whole-
body knockout, or small molecule inhibitor studies [71e75]. More-
over, AKT1 rather than AKT2 (the most prevalent isoform in muscle),
has been more extensively studied in muscle likely because AKT1
whole body knockout mice have a whole-body growth defect including
decreased muscle mass [56,57,76]. Data here indicate that AKT1 and
AKT2 are dispensable in the Myf5-Cre lineage for skeletal muscle
development. However, the role of each isoform in muscle metabolic
control remains understudied especially under non-standard laboratory
conditions.

4.1. AKT isoform functions in fat
Previous in vitro studies suggest that AKT1 is required for brown
adipocyte differentiation [30,44,77e79] and whole body Akt1

deletion results in a global growth defect [56,57]. In contrast, we
find that deleting Akt1 with Myf5-Cre has no obvious brown or white
adipogenesis, myogenesis, or whole body growth defect in vivo. One
possible reason for the discrepancy regarding brown adipocyte dif-
ferentiation is that in vitro cell culture conditions lack an alternative
mechanism present in vivo that can overcome the AKT1 deficiency.
In support, deleting Rictor/mTORC2 with Myf5-Cre shows the same
discrepancy, but the in vitro differentiation defect caused by inhib-
iting mTORC2 can be partially rescued by adding BMP7 to the dif-
ferentiation medium [30]. Another possibility is that AKT2 can
compensate for AKT1 in vivo, but not in vitro. Thus, while AKT1 does
not appear to be required for brown adipocyte differentiation in vivo,
a more detailed biochemical analysis will be required before
concluding that differentiation proceeds by the normal mechanism
when AKT1 is absent.
Whole body Akt2�/� mice reportedly have a diabetic phenotype but
normal adipose tissue mass [56,80]. In addition, deleting Akt2 with
PDGFRa-Cre (which targets many cell types including adipocyte pre-
cursors) does not affect normal adipose tissue mass, although HFD-
induced adipose expansion appears to require Akt2 [80].
Finally, in cell culture, deleting Akt2 does not impair adipocyte dif-
ferentiation [30,44,77e79], collectively suggesting that Akt2 regulates
adipose tissue metabolism but not development or growth. However,
another study using a different mouse strain found that Akt2�/� mice
have diabetes associated with a decreased whole-body growth defi-
ciency, including decreased adipocyte cell number [81]. Moreover,

Figure 8: AKT signaling drives brown adipocyte differentiation in part by stimulating ChREBPb expression. (A) Western blot analysis of differentiated Akt1/Akt2iKO-cells
treated with 4-OHT before differentiation overexpressing plasmids containing ChREBP isoforms (pMSCV-Cha and pMSCV-Chb). (B) Oil Red O staining of differentiated Akt1/Akt2iKO-
cells treated with 4-OHT before differentiation overexpressing plasmids containing ChREBP isoforms (pMSCV-Cha and pMSCV-Chb). (C) Western blot analysis of differentiated
Akt1/Akt2iKO-cells treated with 4-OHT before differentiation overexpressing plasmids containing pMSCV-Chb treated with vehicle (DMSO) o C75 at the indicated doses starting at
day 8 of differentiation.
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adiponectin-cre;akt2 mice (C57BL6/J) have less adipose tissue mass
due in part to reduced adipocyte size [46]. In addition, Akt2ucp1ERcKO

mice (C57BL6/J) have reduced BAT mass due to depleted lipid storage
[46], and here, we show that deleting akt2 with Myf5-cre reduces both
BAT and WAT mass without affecting differentiation markers. Taken
together, these data argue that, with some strain and/or lineage
dependent variation, adipocytes require AKT2 to accumulate lipids,
which may be due in part to its role in controlling glucose uptake and
de novo lipogenesis (DNL) enzyme expression. Notably, familiar partial
lipodystrophy is associated with Akt2 mutations in humans [82] indi-
cating AKT2’s role in regulating fat mass is conserved.
Doubly deleting Akt1 and Akt2 with Myf5-cre, Ucp1-cre, or Ucp1-
creER, results in severe BAT lipoatrophy in vivo suggesting that
AKT1 and AKT2 have some partial overlapping functions. This is
consistent with recent studies showing that adiponectin-cre;Ak-
t1;Akt2 mice have severe lipodystrophy while adiponectin-cre;Akt2
mice have only moderately less fat [46,58]. Surprisingly, skeletal
muscle mass in Akt1/Akt2 myf5cKO mice is mostly normal (this study)
and loss of Akt1/Akt2 in hepatocytes does not ablate them [83], and
while global Akt1�/�;Akt2�/� deletion causes a severe growth
deficiency, many tissues develop as some viable Akt1�/�;Akt2�/�
mice are born (though they die shortly after) [55]. One note regarding
our tamoxifen-inducible double knockout model; it has been shown
that tamoxifen administration alone can cause transient lipoatrophy
in mice, and additionally can synergize with certain adipocyte-
specific gene deletions to cause a synthetic lethal like phenotype
in adipose tissue [47e49]. Though we did not observe obvious lip-
oatrophy in tamoxifen-treated control mice at the time points
examined, we cannot rule out that there is a synergy between
tamoxifen and Akt1/Akt2 loss in the double knockout. Nevertheless,
the conditional targeting of AKT in adipocytes using an assortment of
Cre drivers indicates a uniquely essential function for AKT in adipose
tissue growth and likely its maintenance. Sorting out the overlapping
and distinct in vivo functions of each AKT isoform remains an
important and challenging goal.

4.2. The mTOR complexes, AKT and ChREBP
Conventional models place mTORC2 upstream of all AKT functions.
However, this view is oversimplified given the fact that doubly deleting
akt1 and akt2 in brown or white fat is far more severe than deleting the
essential mTORC2 subunit Rictor (this study) [30,32,58]. Moreover,
downstream AKT substrate phosphorylation is largely normal in Rictor-
deficient adipocytes [30,32]. Yet, there is phenotypic similarity be-
tween Rictormyf5cKO and Akt2myf5cKOmice (which is also apparent when
comparing RictoradipoqcKO and Akt2adipoqcKO mice) as both BAT
knockouts have reduced Chrebpb, DNL gene expression, and lipid
content [32,46]. One possibility is that an unidentified AKT pathway
linked to DNL may be uniquely dependent upon mTORC2 in adipocytes.
Alternatively, mTORC2 and AKT2 loss could converge on DNL and lipid
regulation through different mechanisms. Resolving the acute and
prolonged effects of mTORC2 loss is important because AKT hydro-
phobic motif phosphorylation by mTORC2 is a major biomarker of
cellular insulin resistance.
Conventional models also place mTORC1 downstream of AKT because
AKT can phosphorylate and inhibit TSC2 and PRAS40, both of which
negatively regulate mTORC1. Consistently, deleting AKT2 with Myf5-Cre
impairs mTORC1 signaling in BAT. However, deleting the essential
mTORC1 subunitRaptorwithMyf5-Cre results in a severe developmental
defect and late embryonic lethality [30] suggesting a broader require-
ment for mTORC1 in Myf5 lineages. Interestingly, congenitally deleting
Raptor with Adiponectin-Cre or Ucp1-Cre reduces WAT and BAT tissue

mass, respectively, but not as severely as deleting Akt1/Akt2 [46,84].
Moreover, AKT2 loss impairs de novo lipogenesis gene expression, while
Raptor loss increases de novo lipogenesis gene expression, likely by
relieving negative feedback inhibition on AKT signaling [46,84]. Thus,
there are complex relationships between themTOR complexes, AKT, and
metabolism, and our suspicion is that conventional models do not yet
depict important pathway, cell, or tissue-specific idiosyncrasies.
The downstream transcriptional targets of AKT action in adipocytes
have not been fully defined. In mature brown adipocytes, AKT2 pro-
motes Chrebpb expression and do novo lipogenesis [46]. Data here
and elsewhere also identify ChREBP as a candidate AKT effector in
adipocyte differentiation, although other factors are likely involved [59].
One of the other factors could be SREBP [85,86]. Chrebp whole-body
knockout mice show reduced total adiposity [87], consistent with a role
for CHREBP in fat growth. However, adipocyte-specific Chrebp deletion
has only minor effects on fat mass but reduces glucose uptake and
causes insulin resistance [88]. Thus, AKT may regulate glucose
transport and insulin sensitivity at least in part through ChREBP, but it
may regulate adipocyte cell size through other pathways, such as lipid
uptake, TAG synthesis, lipolysis and/or thermogenesis [32,46,89,90].
A BAT-specific ChREBP knockout model has not yet been reported. The
continued elucidation of how mTORC2 and AKT signaling control
ChREBP activity is essential to fully understanding the mechanisms of
adipose tissue growth and insulin resistance.

5. CONCLUSIONS

Resolving the tissue-specific biochemical functions of AKT signaling in
development and metabolism is important to understanding many
human diseases. Using mouse genetics, we define distinct and
overlapping functions for AKT1 and AKT2 in brown and white adipose
tissue development and show that they are largely dispensable for
skeletal muscle development. These findings are particularly relevant
to understanding the pathogenesis and prevention of obesity and in-
sulin resistance; thus, future experiments aimed at deciphering the
critical AKT targets in fat growth are warranted.
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