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SUMMARY

The RNA-binding proteins LIN28A and LIN28B play
critical roles in embryonic development, tumorigen-
esis, and pluripotency, but their exact functions are
poorly understood. Here, we show that, like LIN28A,
LIN28B can function effectively with NANOG, OCT4,
and SOX2 in reprogramming to pluripotency and
that reactivation of both endogenous LIN28A and
LIN28B loci are required for maximal reprogram-
ming efficiency. In human fibroblasts, LIN28B is ac-
tivated early during reprogramming, while LIN28A
is activated later during the transition to bona
fide induced pluripotent stem cells (iPSCs). In mu-
rine cells, LIN28A and LIN28B facilitate conversion
from naive to primed pluripotency. Proteomic and
metabolomic analysis highlighted roles for LIN28
in maintaining the low mitochondrial function asso-
ciated with primed pluripotency and in regulating
one-carbon metabolism, nucleotide metabolism,
and histone methylation. LIN28 binds to mRNAs of
proteins important for oxidative phosphorylation
and modulates protein abundance. Thus, LIN28A
and LIN28B play cooperative roles in regulating
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reprogramming, naive/primed pluripotency, and

stem cell metabolism.

INTRODUCTION

Somatic cells can be reprogrammed to pluripotency by OCT4
and SOX2 together with KLF4 and c-MYC (OSKM) or NANOG
and LIN28A (OSNA) (Park et al., 2008; Takahashi and Yamanaka,
2006; Takahashi et al., 2007; Yu et al., 2007). Among the original
reprogramming factors, LIN28A is the only one that is not a tran-
scription factor (Yu et al., 2007), and its role in reprogramming is
still poorly understood. LIN28A and its paralog, LIN28B, are RNA
binding proteins that are highly expressed during embryogen-
esis but silent in most adult tissues (Viswanathan and Daley,
2010). Both proteins bind and inhibit biogenesis of the let-7 fam-
ily of tumor suppressor microRNAs to affect cell proliferation
(Viswanathan and Daley, 2010; Zhu et al., 2011) and also directly
bind to numerous mRNAs, influencing their translation by mech-
anisms that remain incompletely understood (Cho et al., 2012;
Madison et al., 2013). Including LIN28A in the reprogramming
cocktail accelerates reprogramming efficiency in a prolifera-
tion-dependent manner (Hanna et al., 2009), but the exact mech-
anism, and whether LIN28B functions similarly in the context of
stem cells and reprogramming, remain unknown. LIN28B has
been studied in various types of human cancer (Madison et al.,
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2013; Molenaar et al., 2012; Nguyen et al., 2014; Viswanathan
et al., 2009) and, relative to LIN28A, has been reported to
be differentially localized within cells and to function through
distinct mechanisms (Piskounova et al., 2011), yet it has re-
mained largely unexplored in the context of stem cells and re-
programming. It has been reported that /et-7 repression by an
antisense inhibitor can promote reprogramming (Melton et al.,
2010), but whether LIN28A and LIN28B regulate pluripotency
entirely through let-7-dependent mechanisms, and whether the
two paralogs play different roles, have not been explored.

Pluripotent stem cells (PSCs) have unique metabolic proper-
ties (Zhang et al., 2012). Somatic cell reprogramming resets
cellular metabolism to a state of relatively high glycolysis and
low oxidative phosphorylation (OxPhos) (Folmes et al., 2011),
but the mechanism, particularly for repressed OxPhos, is still
poorly understood. PSCs also rely on one-carbon metabolism
for histone methylation and maintenance of pluripotency (Shiraki
et al., 2014; Shyh-Chang et al., 2013a). In addition, both mouse
and human PSCs are highly oxidative when in a “naive” state, in
comparison to “primed” state cells (Huang et al., 2014; Taka-
shima et al., 2014; Zhou et al., 2012), and Lin28a is expressed
at markedly reduced levels in the naive versus primed states (Ku-
mar et al., 2014; Marks et al., 2012). It is unknown what role
LIN28 plays in conferring naive versus primed pluripotent cell
fates and their associated metabolic status. While we previously
reported that LIN28 regulates glucose metabolism through let-7-
dependent mTOR signaling in the context of whole-animal phys-
iology (Zhu et al., 2011), here, we reveal let-7- independent roles
of LIN28 in regulating oxidative metabolism in mouse PSCs,
including in Dgcr8~/~ embryonic stem cells (ESCs), which lack
microRNA (Wang et al., 2007), and roles of LIN28 in regulating
one-carbon metabolism and PSC fate. Through functional ana-
lyses of metabolism, quantitative metabolomics and proteomics,
and in vitro biochemistry, we demonstrate that LIN28A and
LIN28B alter expression of metabolism genes that contribute
to the unique metabotypes and cell states of pluripotency.

RESULTS

Both LIN28A and LIN28B Paralogs Contribute to
Reprogramming

We first asked whether overexpression of LIN28B could function
equivalently to LIN28A to promote efficient reprogramming of

human somatic cells, and we found that both human LIN28A
and LIN28B conferred ~4- to 6-fold increases in induced plurip-
otent stem cell (iPSC) colony formation when added to the OSN
cocktail (Figure 1A). OSNB-derived iPSCs stained for SSEA-4
and TRA-1-60 expressed pluripotency genes and formed tera-
tomas consisting of all three germ layers, indicating that they
were bona fide fully reprogrammed PSCs (Figures S1A-S1C).
To assess whether depletion of LIN28A or LIN28B similarly
affected generation of OSKM-derived iPSCs, we infected dH1f
human fibroblasts with small hairpin RNAs (shRNAs) against
LIN28A or LIN28B prior to OSKM transduction and observed a
significant reduction (>80%) of reprogramming efficiency for
both paralogs (Figures 1B and S1D). To assess the LIN28 paral-
ogs in murine reprogramming, we derived mouse embryonic fi-
broblasts (MEFs) from Lin28a~'~, Lin28b~'~, and Lin28a~'~b~/~
double-knockout embryos (Shinoda et al., 2013; Zhu et al,,
2011), infected MEFs with the OSKM cocktail, and observed
reductions in reprogramming efficiency for individual gene
knockouts relative to wild-type MEFs (Figure 1C), with further re-
ductions in the absence of both paralogs (Figure 1D). Taken
together, these data suggest that LIN28B can promote reprog-
ramming, comparably to LIN28A, when ectopically expressed
but that both endogeneous genes are required for optimal re-
programming efficiency, implying complementary and incom-
pletely redundant functions.

While mouse Lin28a~'~ OSKM-derived iPSCs appeared
morphologically similar to wild-type iPSCs, Lin28b~'~ and
Lin28a~'~b~'~ iPSC colonies appeared flatter (Figure 1E, top)
but continued to stain for SSEA-1 and OCT4 by immunohisto-
chemistry (Figure S1E). Lin28a~'~b ™'~ iPSCs cultured in leukemia
inhibitory factor (LIF)/serum media expressed most pluripotency
marker genes at levels comparable to wild-type iPSCs, such as
Oct4-Poubf1, Sall4, and Nr5a2, but were lower for other marker
genes, such as Zfp42, Sox2, Tbx3, Nanog, and Gdf3 (Fig-
ure S1F). Interestingly, addition of the Mek/Erk pathway inhibitor
PD0325901 and the GSK3p pathway inhibitor CHIR99021 (2i;
Marks et al., 2012) to the LIF/serum media completely restored
knockout iPSC morphology (Figure 1E, bottom) and expression
of the pluripotent marker genes except for Zfp42 (Figure S1G).
Indeed, knockout cells cultured with 2i showed a modest increase
of naive pluripotent markers Kif4, Tbx3, Esrrb, Nr5a2, and Nanog
compared to wild-type cells (Figures S1G and S1H). Strikingly,
they also resisted conversion to a primed state and maintained

Figure 1. Both LIN28A and LIN28B Paralogs Contribute to Reprogramming
(A) Fold change of reprogramming efficiency of human fibroblast dH1f transduced with OCT4, SOX2, and NANOG and cotransduced with empty vector (OSN),

LIN28A (OSNA), or LIN28B (OSNB).

(B) Fold change of OCT4, SOX2, KLF4, and c-MYC (OSKM) reprogramming efficiency of dH1f infected with control, LIN28A, or LIN28B shRNA. Data represent
three replicates of two independent shRNA hairpins against each gene. Representative TRA-1-60-stained reprogramming wells are shown for (A) and (B).

(C) Fold change of reprogramming efficiency 21 days after OSKM transduction of Lin28a~'~ or Lin28b~'~ MEFs relative to wild-type MEFs.

(D) Fold change of reprogramming efficiency at day 21 of wild-type and knockout MEFs infected with OSKM at high MOI (m.o.i.). Data represent two independent
experiments with four replicates per cell line. Error bars represent SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 (Student’s t test). Representative SSEA-1-stained

reprogramming wells are shown.

(E) Morphology of iPSCs derived from wild-type and knockout MEFs cultured in regular ESC media (top) and 2i+ media (bottom). Scale bar, 50 um.
(F) Morphology and NANOG immunostaining of iPSCs converted from the naive condition (LIF/2i) to the primed condition (FGF2/activin) for 5 days. Scale bar, 500 um.
(G) gRT-PCR showing pluripotent marker gene expression in iPSCs cultured in naive and primed states for 5 days. Data represent two independent experiments

with four biological replicates. *p < 0.05, **p < 0.005 (Student’s t test).

(H) gRT-PCR showing Lin28a/b and primed marker gene expression in iPSCs cultured in LIF/2i, LIF/serum, and FGF2/activin conditions.
(I) Proliferation rate measured by MTS cell proliferation assay. n = 3; *p < 0.05, **p < 0.005 (Student’s t test).

See also Figure S1.
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Figure 2. Differential Regulation of LIN28A and LIN28B in Reprogramming

(A) hTERT-immortalized human secondary fibroblasts (hiF-T-Fib) undergoing reprogramming were harvested at different days. BJ fibroblasts (BJ-Fib) and hiF-T-
derived iPSCs (hiF-T-iPS) were included as controls. RNA-sequencing showed absolute mRNA level of LIN28A and LIN28B. Error bars show 95% confidence
interval around the average values.

(B) gRT-PCR analysis of LIN28A and LIN28B mRNA level in partially reprogrammed cells (C2 and F5), fully reprogrammed iPSCs (C8 and C9), ESCs (H1), and
fibroblasts (dH1f-Fib).

(legend continued on next page)
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a dome-shape morphology and pluripotent gene expression after
5 days in primed media with fibroblast growth factor 2 (FGF2)/
activin (Figures 1F, 1G, and S1l), suggesting Lin28 promotes
exit from the naive state of mouse PSCs. Overexpressing let-7
also delayed priming, indicating let-7-dependency (Figure S1J).
Lin28a and Lin28b also responded to FGF2 signaling, as they
were upregulated upon switching from LIF/2i media to LIF/serum
or FGF2/activin media, similar to other primed state marker genes
Otx2 and Fgf5 (Marks et al., 2012) (Figure 1H). Despite defects in
priming, Lin28 knockout mouse iPSCs contributed to chimeras
and formed teratomas with tissues from all three germ layers,
demonstrating they are dispensable for maintaining pluripotency
(Figures S1K and S1L). Lin28 has been shown to confer a prolifer-
ative advantage during reprogramming (Hanna et al., 2009). While
the difference in the proliferation rate in Lin28a~'~ or Lin28b~"~
iPSCs was not significant, Lin28a~""b~'~ iPSCs proliferated
more slowly than wild-type iPSCs (Figure 11).

Differential Regulation of LIN28A and LIN28B in
Reprogramming of Human Fibroblasts

To define the kinetics of endogenous LIN28A and LIN28B gene
reactivation during OSKM-induced reprogramming, we exam-
ined mRNA levels of the hTERT-immortalized human fibroblast
cell line hiF-T fibroblasts (Cacchiarelli et al., 2015) at different
time points during reprogramming (Figure 2A). Interestingly,
mRNA for endogenous LIN28B was detected as early as day 2
and was more than half maximal by day 4, while mRNA for
endogenous LIN28A was not detected until days 8-10 and did
not achieve maximal expression until late in reprogramming,
implying differential gene reactivation. Isolation of the TRA-1-
60+ population of cells late in reprogramming showed enriched
expression of LIN28A, but not LIN28B (Figure S2A), implicating
LIN28A as a stringent marker that is only upregulated upon
acquisition of pluripotency, in contrast to LIN28B, which is a
more promiscuous marker. We also examined the expression
of the two paralogs in partially and fully OSKM-derived re-
programmed human cells (Chan et al., 2009) and found that
LIN28A and a few other markers, such as TDGF1, REX1,
DAZL, DNMT3B, DPPA2/3, and ABCG2, were exclusively
expressed in fully reprogrammed iPSCs, whereas LIN28B,
NANOG, SALL4, GDF3, DPPA4, and DNMT3A were expressed
in both partially and fully reprogrammed cells (Figures 2B, S2B,
and S2C). Interestingly, microarray analysis between partially
and fully reprogrammed cells positioned LIN28A as the most
differentially expressed gene (Figure S2D), together suggesting
that late LIN28A expression marks bona fide iPSCs.

We next analyzed histone modifications associated with the
LIN28A and LIN28B promoters at different time points during
reprogramming in hiF-T fibroblasts (Figure 2C). At baseline, we
detected H3K27me3 on the LIN28A promoter, consistent with
its lack of expression in fibroblasts, while we detected both
H3K4me3 and H3K27me3 on the LIN28B promoter, a bivalent
mark associated with loci poised for expression. On day 5,
H3K27me3 was still associated with the LIN28A locus, while

the LIN28B locus was marked by H3K27ac, H3K4me2, and
H3K4me3, all consistent with active LIN28B transcription. At
day 24, LIN28A was expressed ten times higher than LIN28B
(Figure 2A), and its gene body showed enhanced H3K36me3
that marks actively transcribed genes (Figure 2C). Consistent
with the active chromatin state and expression of LIN28A in
hiF-T-iPSCs (Figure 2C), analyses of existing genome-wide
ChiIP-sequencing data (Gifford et al., 2013) as well as ChIP-
PCR showed that OCT4 has stronger binding at LIN28A pro-
moter in PSCs (Figures 2D, 2E, and S2E). Together, these data
suggest that for the human fibroblast cells we examined, the
LIN28B locus assumes an active chromatin structure and re-
activates gene expression earlier in reprogramming, while only
later does LIN28A gain an open chromatin structure and gene
activation and mark the bona fide reprogrammed cells.

Let-7-Independent Regulation of Oxidative Metabolism
by LIN28 in Mouse PSCs

To further understand the molecular mechanisms by which
LIN28A and LIN28B promote reprogramming, we performed
microarray analysis with mouse wild-type and Lin28-deficient
PSCs (Figure S3). Analysis of gene regulatory networks (GRNs)
using the CellNet algorithm (Cahan et al., 2014) revealed that
Lin28a~'~b~'~ iPSCs have a slightly altered ESC GRN (Fig-
ure S3B). Gene Ontology (GO) analysis indicated that the
Lin28b™'~ expression signature was enriched with metabolism-
related GO terms such as “Mitochondrial inner membrane,”
“NADH dehydrogenase activity,” and “Oxidative phosphoryla-
tion” and with amino acid-related metabolism terms such as
“Glycine, serine and threonine metabolism,” while the Lin28a~'~
signature was enriched in “regulation of glucose metabolic pro-
cess” (Figure S3D), suggesting that both paralogs influence
cellular metabolism.

To dissect how LIN28A and LIN28B regulate metabolism, we
measured cellular energetics of the mouse PSCs. The oxygen
consumption rate (OCR)/extracellular acidification rate (ECAR)
ratios for Lin28b'~ and Lin28a~'~b~'~ were increased relative
to wild-type cells, resembling the more oxidative metabolic pro-
file of MEFs (Figure 3A). Further analysis indicated that both
Lin28a~'~ and Lin28b~'~ PSCs have elevated OCR (Figure S4A),
while Lin28a~'~ cells also have increased secretion of lactate,
ECAR and LDHB protein (Figures S4A and S4C). These data
indicate that both LIN28A and LIN28B repress OxPhos, while
LIN28A might also repress glycolysis, in the context of mouse
PSCs. The combined endogenous expression of LIN28A and
LIN28B in wild-type cells corresponds with a more glycolytic
and less oxidative metabolism reminiscent of the Warburg effect
of cancer cells (Figure 3B), as reflected by their additive role in
enhancing proliferation (Figure 1l). Elevated OCR in knockout
cells is also consistent with more densely packed mitochondrial
inner membrane cristae (Figure S4D). Overexpressing Lin28b in
Lin28a~~b~'~ iPSCs partially rescued the skewed metabolic
phenotype (Figure 3C), consistent with the role of Lin28b in
knockout cells.

(C) ChIP-sequencing was performed with hiF-T fibroblast cells with or without dox treatment and hiF-T-iPSCs. All plots are scaled to the value range 0-15.
(D) In silico analysis of ChlP-sequencing data of OCT4, SOX2, NANOG, and C-MYC in hESCs.
(E) ChIP-PCR using OCT4 antibody in hiPSCs. gPCR data were first normalized to input chromatin. n = 6; error bars represent SEM.

See also Figure S2.
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(F-H) Volcano plots showing metabolomics analysis of Lin28-deficient versus wild-type iPSCs cultured in LIF/2i. T-score is the difference in mean between the

samples divided by the SD. n = 12 for each phenotype.

() Left: ECAR of hiF-T fibroblasts treated with 2 ng/mL doxycycline and transduced with scramble or shLIN28B virus for 6 days. Right: ECAR of dH1f transduced
with GFP or OSKM virus and scramble or shLIN28B virus for 3 days. n = 3; *p < 0.05. Error bars represent SEM.

See also Figures S3, S4, and S5 and Table S1.
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To confirm the effects of LIN28A and LIN28B on PSC OxPhos,
we also analyzed doxycycline-inducible Lin28a/b-overexpress-
ing mouse ESCs (Zhu et al., 2011) and found that induction of
Lin28a/b compromised basal and maximal OCR (Figures S4E
and S4F), consistent with the loss-of-function lines (Figure S4B).
Despite the hyper-induction of Lin28 in ESCs, the levels of let-7
did not change from their already suppressed levels (Figure S4G).
In addition, either introducing a mature /et-7 mimic or inhibiting
let-7 with LNA (Figure 3D), or overexpressing let-7 (Figure S4H)
in wild-type cells did not change OCR, and transfection of a
let-7 mimic in Lin28-overexpressing cells did not reverse the
reduced OCR (Figure S4l), suggesting that LIN28 reduced
OCR through let-7-independent mechanisms.

To further exclude microRNA-dependent functions of LIN28A/
B, we also assessed Dgcr8*/ ~ mouse ESCs that are defective for
microRNA biogenesis (Melton et al., 2010; Wang et al., 2007).
Whereas knockdown of Lin28a resulted in upregulation of let-7
in wild-type ESCs, knockdown in Dger8~/~ ESCs did not affect
the already scant quantities of let-7 (Figures S4J and S4K).
Importantly, knockdown of either LIN28A or LIN28B in Dgcr8 ™/~
ESCs resulted in a more oxidative phenotype, with 1.5- to 2-fold
increase of OCR compared to control Dgcr8 '~ ESCs (Figure 3E).
Given the lack of microRNA function in Dgcr8~'~ cells, these
data demonstrate that LIN28A and LIN28B alter metabolism at
least in part via let-7-independent mechanisms.

We previously reported that induction of LIN28A in trans-
genic mice promotes glucose tolerance and tissue repair
(Shyh-Chang et al., 2013a; Zhu et al., 2011). Thus, we next
asked whether LIN28A and LIN28B promote glucose meta-
bolism in PSCs by tracing "*C-glucose incorporation into meta-
bolic pathway intermediate metabolites. Loss of LIN28A and
LIN28B in mouse PSCs reduced '*C labeling of glycolysis inter-
mediates (Figure S5B). Acute Lin28a/b knockdown by small
interfering RNA (siRNA) also led to slightly reduced '°C labeling
of the tricarboxylic acid (TCA) cycle intermediates in cells
cultured in LIF/serum media (Figures S5C and S5D). Interest-
ingly, switching culture conditions to LIF/2i naive media greatly
increased glucose incorporation into the TCA cycle intermedi-
ates (Figure S5E), as recently reported (Carey et al., 2015),
rescued the defects in glucose incorporation (Figure S5F),
and enhanced the maintenance of knockout cells over multiple
passages (Figure S5G). We also analyzed glutamine incorpora-
tion as well as steady-state metabolomics of cells cultured in
LIF/2i media and found increased glutamine incorporation
into the TCA cycle metabolites through oxidative metabolism
(Figure S5H) and markedly increased absolute levels of
TCA cycle metabolites in knockout cells, such as a-ketogluta-
rate, succinate, isocitrate, and oxaloacetate/aspartate (Figures
3F-3H), consistent with increased mitochondrial oxidative func-
tion. Interestingly, high a-ketoglutarate in ESCs is associated
with naive pluripotency (Carey et al., 2015). We also found
that supplemental o-ketoglutarate delayed naive to primed
transition (Figure S5I), while reducing a-ketoglutarate by gluta-
mine withdrawal accelerated the conversion (Figure S5J),
presumably by increasing H3K9me3 (Carey et al., 2015) (Fig-
ure S5K). Altogether, the above functional and metabolomics
data indicate that LIN28 represses mitochondrial oxidative
metabolism in PSCs and plays a role in regulating the unique
metabolic states of mouse naive and primed pluripotency.
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We also analyzed LIN28 function in the early stage of re-
programming when endogenous LIN28B, but not LIN28A, is
re-activated (Figure 2A). Knockdown of LIN28B decreased
OSKM-induced glycolysis at day 3-6 of reprogramming in both
hiF-T and dH1f human fibroblasts (Figures 3l and S5L), demon-
strating that the boost in glycolysis observed early in reprogram-
ming is at least partially attributable to LIN28B activation.

LIN28 Influences One-Carbon and Nucleotide
Metabolism in Mouse PSCs

One-carbon metabolism encompasses the transfer of one unit of
carbon from glucose, amino acids, or vitamins to support nucle-
otide biosynthesis, the maintenance of cellular redox state, and
various methylation reactions (Locasale, 2013). In glucose-
tracing experiments, we found that double-knockout cells have
reduced glucose incorporation to serine (Figure 4A), which is a
methyl group donor for one-carbon metabolism in nucleotide
biosynthesis. Indeed, knockout cells were markedly depleted
in nucleotides (Figures 3F-3H and 4B). In addition, extracellular
metabolomics also showed that nucleosides and nucleotide
bases were among the most downregulated metabolites in dou-
ble-knockout cells (Figure 4C), suggesting nucleotides are either
produced less or salvaged more in these cells. Supplementing
cell culture media with a pool of nucleotide bases, but not pu-
rines or pyrimidines alone, rescued proliferation defects (Figures
4D and 4E), demonstrating that LIN28 supports nucleotide meta-
bolism to enable PSC proliferation.

LIN28 Regulates Histone Methylation in Mouse PSCs
One-carbon metabolism also provides the methyl group to S-ad-
enosyl-methionine (SAM), the donor of histone methylation (Fig-
ure 5A). We examined LIN28 knockout iPSCs and found lower
3G incorporation from serine to SAM (Figure 5B) and hypome-
thylation of H3K9 and H3K27 (Figure 5C). Acute knockdown
with siRNAs against LIN28A, but not LIN28B, showed hypome-
thylation (Figure 5D), consistent with the predominant expres-
sion of LIN28A in PSCs (Figure 2A). ChIP-PCR revealed lower
levels of H3K9me3 and H3K27me3 at the promoters of Nanog,
Tbx3, and Pou5f1 (Figure 5E). Expression levels of these genes
were higher in the knockout cells (Figures S1G and S1H), consis-
tent with the findings that these cells have delayed exit from
naive pluripotency (Figure 1F and 1G), which is associated with
H3K9 hypomethylation (Marks et al., 2012). Supplementing
SAM, but not homocysteine, rescued hypomethylation (Fig-
ure 5F), indicating SAM deficiency accounts for knockout cell
hypomethylation. Supplementing the pool of nucleotide bases
also partially rescued (Figure 5G), suggesting nucleotide defi-
ciency in knockout cells can also influence histone methylation
(Maddocks et al., 2016). Together, it appears LIN28 modulates
histone methylation by enhancing one-carbon metabolism for
methylation and repressing a-ketoglutarate and demethylation
(Figure 5H).

LIN28 Regulates the Metabolic Proteome in

Mouse PSCs

LIN28A and LIN28B proteins bind numerous mRNA molecules
(Cho et al., 2012; Madison et al., 2013; Wilbert et al., 2012), and
LIN28A has been reported to repress the translation of ER-asso-
ciated transcripts (Cho et al., 2012). To examine the effects of
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Figure 4. LIN28 Regulates One-Carbon Metabolism and Nucleotide Metabolism

(A) Fraction of serine labeled by [U'*C]-glucose in wild-type and Lin28 knockout PSCs at 0.5 and 1 hr labeling times.

(B) Sum normalized total metabolite level in wild-type and knockout PSCs. For (A) and (B), n = 3; *p < 0.05, ***p < 0.001. Error bars represent SEM.

(C) Volcano plots showing extracellular metabolomics analysis of Lin28-deficient versus wild-type iPSCs. T-score is the difference in mean between the samples

divided by the SD. n = 12.

(D and E) Number and morphology of wild-type and double-knockout (DKO) cells with and without supplementing nucleotide bases in the media for 5 days. Purine
bases include adenine, guanine, inosine, and xanthine; pyrimidine bases include cytosine, uracil, and thymine. Each nucleobase has a concentration of 250 pM.

Scale bar, 500 pm.
See also Table S2.

LIN28A/B on protein expression in mouse wild-type and Lin28-
deficient ESCs, we performed stable isotope labeling by amino
acids in cell culture (SILAC) followed by mass spectrometry (Fig-
ure S6A). Loss of LIN28A had a strong effect on the proteome,
reflected by an increase in expression for ~16% of all quantified
proteins, while LIN28B exhibited less impact on protein expres-
sion (Figure 6A and S6B), consistent with the 10-fold higher
expression of LIN28A than LIN28B in ESCs (Figure 2A). Although
our proteomic data encompassed some 30% of let-7 targets, less

than 1% of predicted let-7-regulated proteins were affected by
LIN28 depletion (Figure 6B), suggesting that LIN28 influences pro-
tein abundance mainly through a let-7-independent mechanismin
PSCs, which express low levels of let-7. GO categories of proteins
whose levels were elevated in Lin28b~'~ cells included “NADH
dehydrogenase activity,” “respiration chain,” and “mitochon-
drion inner membrane,” while proteins altered in Lin28a~'~ cells
were enriched in “mitochondrion” (Figure S6C). Gene set enrich-
ment analysis (GSEA) also showed that the gene set associated
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Figure 5. LIN28 Regulates Histone Methylation
(A) Serine provides a methyl group for histone methylation.

(B) Fraction of S-adenosyl-methionine labeled by [U'*C]-serine in wild-type and Lin28 knockout iPSCs at 8 hr; n = 3. *p < 0.05.

(C) Western blotting showing H3K9me3 and H3K27me3 in wild-type and Lin28 double-knockout (DKO) iPSCs.

(D) Western blotting showing H3K9me3 and H3K27me3 in wild-type iPSCs transduced with scramble, Lin28a or Lin28b siRNA for 5 days.

(E) ChIP-PCR with immunoglobulin G, H3K9me3, or H3K27me3 at promoters of indicated genes.

(F) Western blotting showing H3K9me3 in wild-type, DKO, and DKO cells supplemented with 1 mM SAM iodide or 1 mM homocysteine for 48 hr.

(G) Western blotting showing H3K9 and H3K27 tri-methylation in wild-type, DKO, and DKO cells supplemented with the same pool of all seven nucleobases

as in Figure 4D.
(H) A schematic showing LIN28 regulates histone methylation.

with OxPhos was predominantly elevated in Lin28b~/~ and, to
a lesser extent, in Lin28a~'~ ESCs (Figure 6C, top), as well as
in LIN28B knockdown HEK cells compared to LIN28B-over-
expressing HEK cells (Figure 6D) (Hafner et al., 2013). Western
blotting confirmed that Lin28a~'~ and Lin28b~'~ ESCs have
elevated expression of proteins involved in mitochondrial OxPhos
complexes, including NDUFS3, NDUFB8, NDUFB10, SDHB,
UQCRFS1, UQCRC2, and MTCO1, validating the proteomics re-
sults (Figure 6E). Further analysis also showed that proteins un-
der-expressed in Lin28a~'~ include “RNA splicing,” as reported
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before (Wilbert et al., 2012), as well as “one-carbon metabolism”
(Figures S6C and S6D). To examine the additive effect of loss of
both loci, we analyzed Lin28a~'~b~'~ ESCs and iPSCs and found
that “mitochondrion” and “oxidative phosphorylation” were
the most enriched categories of proteins highly expressed in
Lin28a~'~b~'~ ESCs and iPSCs (Figures 6C, 6F, and S6E). The
double knockout also had reduced “glycolysis proteins” (Figures
6F and S6E), consistent with their lower glycolytic flux (Fig-
ure S4M), and reduced one-carbon metabolism and nucleotide
metabolism proteins (Figures S6F and S6G). Western blotting
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Figure 6. LIN28A and LIN28B Regulate the Metabolic Proteome

(A) Shown are the log, median ratios of protein level between wild-type and knockout ESCs after 15-day labeling with SILAC media.

(B) Venn diagram showing overlap among let-7 targets (from GSEA) and proteins that were decreased upon Lin28a or Lin28b knockout.
(C) GSEA analysis showing OxPhos proteins in the knockout ESCs and iPSCs (ES, enrichment score).

(D) GSEA analysis showing OxPhos proteins in the siLIN28B HEK cells compared to LIN28B-overexpressing HEK cells.

(E) Western blotting showing proteins changed in Lin28a and Lin28b knockout ESCs compared to wild-type cells.

(legend continued on next page)
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analysis confirmed lower protein levels of LDHB, PKM2, GAPDH,
PDK1 and PHGDH, PSAT1, and SHMT1 in double-knockout cells,
whereas NDUFB8, NDUFB10, SDHB, UQCRFS1, and MTCO1
were expressed at higher levels (Figure 6G).

To understand whether LIN28A and LIN28B could directly
bind mRNAs of metabolic proteins, we first performed in silico
GO term analysis of published cross-linking immunoprecipita-
tion sequencing (CLIP-seq) targets in ESCs and LIN28A-overex-
pressing HEK cells (Wilbert et al., 2012) and found that targets
were enriched with “OxPhos,” in addition to the reported “Spli-
ceosome” (Figure S7A). We did not find enriched GO terms for
glycolysis or one-carbon metabolism. We performed RNA immu-
noprecipitation PCR with LIN28A or LIN28B antibodies in human
iPSCs and fibroblast cells. In iPSCs, both LIN28A and LIN28B
bound the precursor of let-7 microRNA, OCT4 mRNA, and
mRNA of the OxPhos genes (Figure S7B).

We further examined Ndufb10 from OxPhos complex |
because it appeared in five previous LIN28 RNA pull-down ana-
lyses as a common binding target (Figure S7C) (Cho et al., 2012;
Hafner etal., 2013; Liet al., 2012; Peng et al., 2011; Wilbert et al.,
2012). Using an electrophoretic mobility shift assay (EMSA), we
found that LIN28 protein bound the Ndufb10 3’ end 30-bp RNA
oligo containing a putative GGAG binding site (Nam et al,,
2011; Wilbert et al., 2012), as well as pre-let-7g, but not a poly-
AUCG-negative control (Figures 7A and 7B). We detected no
binding to a 30-bp RNA oligo from the 5’ end, consistent with
CLIP-seq data (Figures 7A and 7C), and binding to the 3" RNA
oligo was impaired for the Ndufb10 AGGAG or GGAU mutants
or when LIN28 cold shock domain alone was tested, suggesting
that binding is dependent on recognition of the GGAG motif of
the mRNA by the LIN28 zinc knuckle domains (Figures 7D and
7E). Interestingly, Ndufb10 mRNA half-life was extended (Fig-
ure S7D) and its protein abundance was increased in Lin28-
depleted mouse iPSCs (Figure S7E), demonstrating Ndufb10 is
a functional target of LIN28. /et-7 expression was not changed
in Lin28b~'~ cells, indicating that changes in mRNA half-life
and protein abundance were let-7 independent (Figures S7F).
Other OxPhos mRNAs such as Ndufb3, Ndufb8, and Uqcrfs1
also showed strong binding (Figures 7F, S7G, and S7H), and
their protein level was also repressed by LIN28 (Figures 6E and
6G). Using biotinylated Ndufb3 and Ndufb10 RNA oligos with
the same sequence as that used for EMSA, we were able to
pull down more LIN28 protein using wild-type oligos compared
with GGAG mutants (Figure S7I1). Functionally, the mRNA half-
lives of the OxPhos gene set (enriched in LIN28 binding targets)
tended to be increased in knockout cells (Figure S7J). Together,
these data demonstrate that LIN28 binds mRNA and regulates
expression of genes critical for mitochondrial OxPhos function.

DISCUSSION
In summary, we have demonstrated that when overexpressed,

LIN28A and LIN28B can both enhance iPSC derivation effi-
ciency, while loss of endogenous LIN28A/B reduces reprogram-

ming efficiency and traps the derived mouse iPSCs in a more
naive state. Both paralogs bind to mRNAs for OxPhos genes,
repressing their protein abundance and conferring the low mito-
chondrial metabolism characteristic of primed state pluripo-
tency (Folmes et al., 2011; Zhou et al., 2012), which has higher
LIN28 expression compared with the naive state. LIN28A in-
fluences the abundance of a broader range of proteins, while
LIN28B primarily confers the embryonic type of low-OxPhos
high-glycolysis metabolism, and its locus is bound and regulated
by c-MYC (Chang et al., 2009), which also potentiates glycolysis
in the early stages of reprogramming (Folmes et al., 2013).
Considering the co-expression of both paralogs in embryonic
tissue and high-frequency LIN28B expression in multiple types
of cancer (Piskounova et al., 2011; Viswanathan and Daley,
2010), their upstream regulation and downstream functions
revealed in PSCs here are likely to shed light on both early em-
bryonic development and cancer.

Despite being a well-known pluripotency factor, Lin28 is
reduced in the LIF/2i ground state (Kumar et al., 2014; Marks
et al., 2012) and highly expressed in the primed state of pluripo-
tency in mouse PSCs. We have shown that Lin28 is not only a
marker associated with primed pluripotency but also facilitates
the mouse naive-to-primed state transition induced by FGF/ac-
tivin signaling. Although our finding applies to the mouse naive
state, we believe a similar mechanism pertains to human cells,
given the lower LIN28A and LIN28B expression in human blasto-
cysts compared with cultured, primed hESCs (Yan et al., 2013).
This finding is also reminiscent of previous studies in other model
systems. Lin28 is required for development of Xenopus embryos
in response to FGF and activin/nodal-like mesoderm-inducing
signals involved in germ layer specification (Faas et al., 2013).

One emerging feature of naive pluripotency is its unique meta-
bolism, including elevated mitochondrial function (Huang et al.,
2014; Takashima et al., 2014; Zhou et al., 2012), increased
glucose oxidative metabolism via the TCA cycle (Carey et al.,
2015), and lower levels of SAM required for methylation (Sperber
et al., 2015). One of the main metabolic contributions of mito-
chondrial oxidative metabolism in proliferating cells is to provide
NAD™ as an electron acceptor with oxidizing potential, which fa-
cilitates aspartate production through the TCA cycle (Birsoy
et al., 2015; Sullivan et al., 2015). Other TCA cycle metabolites
such as a-ketoglutarate are also linked to respiration (Sullivan
et al.,, 2015). In mouse PSCs, we show that a-ketoglutarate
and aspartate are among the most upregulated metabolites in
Lin28 knockout cells, and this upregulation is accompanied by
increased glutamine oxidative metabolism. Availability of extra-
cellular glutamine and intracellular a-ketoglutarate appears to
impact histone marks such as H3K9me3 and H3K27me3, due
to the role of a-ketoglutarate as a cofactor of histone demethy-
lase (Carey et al., 2015). Accordingly, increased respiration and
altered homeostasis of a-ketoglutarate in Lin28 knockout cells
can also influence chromatin states and promote activation of
naive marker genes. On the other hand, LIN28 modulates the
one-carbon metabolism pathway to directly impact the donor

(F) Shown are the top GO terms enriched in proteins changed in Lin28a~'~b~'~ ESCs or iPSCs compared with wild-type cells after 15-day labeling with SILAC

media.

(G) Western blotting showing proteins changed in Lin28a/b double-knockout ESCs compared to wild-type cells.

See also Figure S6.
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(legend continued on next page)
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of histone methylation, SAM, and to influence histone modifica-
tion and gene expression. This regulation seems to be depen-
dent on let-7 as overexpression of LIN28 and /et-7 reciprocally
influence PSC one-carbon pathway metabolite abundance
(Shyh-Chang et al., 2013a). Also, LIN28 regulation of the one-
carbon pathway influences nucleotide metabolism and confers
more proliferative capacity on primed cells.

To our surprise, the effect of LIN28 on oxidative metabolism
appears at least in part to be let-7 independent, given that
knockdown of LIN28 in a microRNA-free system also changed
respiration, while manipulating let-7 level in wild-type cells did
not. The LIN28 effects appear to be context dependent, based
on the availability of its many RNA targets. During the early
stages of reprogramming, when there is abundant let-7 precur-
sor transcription, LIN28 is bound and likely saturated by this
class of abundant high-affinity targets, and thus it promotes
reprogramming mainly by repressing let-7 biogenesis. In estab-
lished iPSCs with less let-7 transcription, LIN28 is free to interact
with its other RNA targets and regulate their functions, including
those OxPhos mRNAs that harbor LIN28 binding sites.

The exact mechanism by which LIN28 regulates its mRNA
target function may involve multiple levels of mMRNA metabolism.
LIN28 could potentially bind precursors of mMRNAs and regulate
alternative splicing and alternative polyadenylation (Wilbert et al.,
2012); alternatively, LIN28 could recruit RNA helicase to change
the secondary structure of MRNA and influence translation (Cho
et al., 2012; Jin et al., 2011), or LIN28 binding could recruit
TUTase to uridylate the mRNA 3’ end to mediate mRNA degra-
dation (Heo et al., 2009; Lim et al., 2014). We determined that
the half-lives of OxPhos mRNAs were globally increased in the
knockout cells, demonstrating a probable role for LIN28 in regu-
lating the mRNA stability of a specific set of genes. We also
noticed that the regulation of OxPhos gene expression in PSCs
is different from previously reported in MEF cells (Shyh-Chang
et al., 2013b) and is likely due to the highly distinct contexts of
these two different cell types. We have not found enrichment
of glycolysis or one-carbon metabolism mRNAs as LIN28 tar-
gets, suggesting their regulation by LIN28 might be through
other mechanisms, such as indirectly through let-7 (Shyh-Chang
et al., 2013a; Zhu et al., 2011). Thus, it will be of great interest to
further investigate different mechanisms of how LIN28 regulates
its downstream effectors in various contexts.

EXPERIMENTAL PROCEDURES

Cell Culture

Fibroblasts were cultured in DMEM (11960-069) containing 10% FBS (06902,
STEMCELL Technologies) and 1% sodium pyruvate (11360-070, Invitrogen).
Mouse iPSCs and ESCs were cultured in mouse ESC media (LIF/serum)
comprising knockout DMEM (10829-018, Gibco) containing 15% FBS,
100 uM MEM-NEAA (11140-050, Invitrogen), and 1000 u/ml mLIF (ESG1107,
Millipore) with 50 uM 2-mercaptoethanol (M7522-100ML, Sigma). Human
iPSCs and ESCs were cultured in hESC media comprising DMEM/F12
(11330-057, Invitrogen) containing 20% KOSR (10828-028, Invitrogen),

100 uM MEM-NEAA, and hFGF2 (PHG0266, Invitrogen) with 50 uM 2-ME.
Media is supplemented with 200 pg/mL penicillin, 100 pg/mL streptomycin,
and 2 mM L-glutamine (I111140-050, Invitrogen). Pluripotent cells were
maintained on irradiated CF1 MEF feeder layer (catalog number GSC-
6001G, GlobalStem). For 2i+ media, 1 pM PD03259010 and 3 pM
CHIR99021 (Stemgent) were supplemented into ESC media. For N2/B27
LIF/2i media, 1 pM PD03259010 and 3 uM CHIR99021 were supplemented
into a 1:1 mix of DMEM/F12 (11302-033, Life Technologies) and Neurobasal
medium (21103-049, Life Technologies) containing N2 and B27 supplements
(1:100 dilutions of 17502-048 and 17504- 044, Life Technologies), penicillin/
streptomycin, 0.1 mM 2-mercaptoethanol, 2 mM L-glutamine, and LIF. For
primed condition media, 10 ng/mL FGF2, 20 ng/mL activin, and 1% KSR
were supplemented to the 1:1 DMEM/F12 and Neurobasal medium containing
N2 and B27 media, instead of LIF/2i.

Reprogramming Assays

Reprogramming assays were performed as previously described (Onder et al.,
2012). For a knockdown experiment, dH1f cells were first infected ~6 days
prior to reprogramming with shRNA viruses. For both mouse and human
reprogramming, 25,000 fibroblasts were plated per well in 12-well plates
and infected overnight with either retroviral or lentiviral factors. Six days later,
cells were trypsinized and 25,000 cells were re-plated onto MEF feeder coated
12-well plates. Cells were then fed with ESC medium daily until day 21 when
plates were fixed.

Isotope Tracing and Metabolomics Analysis

Isotope tracing and metabolomics studies were performed as described
before (Shyh-Chang et al., 2013a). Briefly, 0.5-1 x 10° PSCs weaned from
MEF feeders were cultured in ESC media (LIF/serum or LIF/2i) containing
25mM [U-"3C]-glucose or 2mM [U-'3C]-glutamine (Cambridge Isotope Labo-
ratory) with indicated time (Carey et al., 2015). When siRNA was applied,
wild-type ESCs were transfected with /in28a or Lin28b siRNA for 72 hr followed
by labeling with [U'C]-glucose with indicated time. Cells or media were sub-
sequently snap-frozen with cold 80% methanol on dry ice, followed by incuba-
tion at —80°C from 15 min to overnight. Cells were scraped, collected, and
centrifuged at maximum speed for 15 min at 4°C, and the supernatant was
evaporated with a speed vacuum at room temperature. Dried sample powder
was resuspended with liquid chromatography/mass spectrometry-grade
water and applied to a 5500 QTRAP Triple Quadrupole mass spectrometer
(AB/SCIEX) coupled to a Prominence HPLC system (Shimadzu) using posi-
tive/negative polarity switching via selected reaction monitoring (SRM). Amide
hydrophilic interaction chromatography (HILIC; Waters) chromatography was
used for metabolite separation. MultiQuant 2.1 software (AB/SCIEX) was used
to integrate peak areas from each SRM transition from both unlabeled and
3C-labeled metabolites. (For raw metabolomics data, see Table S1 and
Table S2.)

SILAC Analysis for Proteomics

ESCs were cultured in SILAC ESC media made from SILAC Protein Quantifica-
tion Kit. DMEM media was supplemented with 15% FBS, 1,000 U/mL mLIF
(Gemini 400-495), 200 pg/ml penicillin (Corning), 100 ng/mL streptavidin (Corn-
ing), 2 mM glutamine (Corning), and 0.1 mM2-mercaptoethanol (Sigma).
Knockout Lin28a~'~, Lin28b~'~, or Lin28a~'~b~/~ ESCs were cultured in light
media supplemented with 0.46 mM L-lysine-2HCI, 0.47 mM L-arginine-HClI,
and 2 mM proline, whereas wild-type ESCs were cultured in heavy media sup-
plemented with 0.46 mM "3CglL-lysine-2HCI, 0.47 mM '3C4'°N, L-arginine-
HCI, and 2 mM proline. Cells were cultured in heavy and light media for
more than 12 days to reach >99% labeling, and 107 cells weaned from MEF
feeders from heavy and light media, respectively, were mixed, fractionated
for cytosol fraction, and applied to mass spectrometry. 500 nug cytosolic pro-
teins was denatured by adding 3.6 M guanidine HCI, reduced with 10 mM

(E) EMSA showing lack of LIN28 binding at Ndufb70 3’ RNA oligo for construct expressing cold shock domain only (lacking GGAG binding zinc knuckle

domains).

(F) EMSA using LIN28 (aa 16-184) and another putative target Ndufb3 3' RNA oligo probe containing GGAG and a mutant RNA probe with GGAG replaced

by CUCC.
See also Figure S7.
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Tris(2-carboxyethyl)phosphine (TCEP), and alkylated with 20 mM methyl
methanethiosulfonate (MMTS). Proteins were diluted with 100 MM ammonium
bicarbonate (final guanidine HCI concentration, 1 M) and digested with trypsin
(20 pg) overnight at 37°C. Peptides were acidified, and desalted using C18.
Detergents from subcellular fractionation were removed by strong cation ex-
change chromatography. 10 pg peptides was fractionated at high pH (10.0)
by reversed-phase chromatography and then by high-pH (10.0) anion ex-
change chromatography into a total of 21 fractions. Peptide fractions were
directly eluted to the final dimension precolumn, resolved with an analytical
column, and electrosprayed into the orifice of the mass spectrometer (Orbitrap
Fusion, Thermo Fisher Scientific). Data were analyzed as previously described
(Parikh et al., 2009). Two biological replicates were analyzed for each
phenotype.
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