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A growing number of long noncoding RNAs (IncRNAs) have emerged as vital metabolic regulators. However, most human
IncRNAs are nonconserved and highly tissue specific, vastly limiting our ability to identify human IncRNA metabolic
regulators (hLMRs). In this study, we established a pipeline to identify putative hLMRs that are metabolically sensitive,
disease relevant, and population applicable. We first progressively processed multilevel human transcriptome data to

select liver IncRNAs that exhibit highly dynamic expression in the general population, show differential expressionina
nonalcoholic fatty liver disease (NAFLD) population, and respond to dietary intervention in a small NAFLD cohort. We then
experimentally demonstrated the responsiveness of selected hepatic IncRNAs to defined metabolic milieus in a liver-specific
humanized mouse model. Furthermore, by extracting a concise list of protein-coding genes that are persistently correlated
with IncRNAs in general and NAFLD populations, we predicted the specific function for each hLMR. Using gain- and loss-of-
function approaches in humanized mice as well as ectopic expression in conventional mice, we validated the regulatory role
of one nonconserved hLMR in cholesterol metabolism by coordinating with an RNA-binding protein, PTBP1, to modulate
the transcription of cholesterol synthesis genes. Our work overcame the heterogeneity intrinsic to human data to enable the

Introduction

In the past 2 decades, metabolic diseases have reached epidemic
proportions globally (1, 2), underscoring the urgent need for a bet-
ter understanding of metabolism regulation in humans. Although
significant progress has been made in mapping the makeup and
wiring diagram of metabolic pathways in recent years, substantial
gaps remain in our understanding of the underlying pathophysi-
ology of major metabolic diseases, such as obesity, nonalcoholic
fatty liver disease (NAFLD), and type 2 diabetes. Given that main-
tenance of metabolic homeostasis requires high-level coordination
at the cellular, organ, and organismal levels (3-5), such a level of
complexity often cannot be adequately modeled by cultured cells
and needs to be studied in in vivo systems, such as mice, which
have the advantage of being conducive to genetic manipulation.
Although these animal-based experimental studies are essential to
capture mechanistic and physiologically relevant understanding of
the role of metabolism in health and disease, there are limitations
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efficient identification and functional definition of disease-relevant human IncRNAs in metabolic homeostasis.

due to species differences and imperfect disease models. These spe-
cies-distinct differences are further underscored by our incomplete
understanding of the human genome, particularly the enormous
landscape of noncoding regions. Because 2% of the human genome
is sufficient to encode all protein-coding genes, the vast majority of
the genome is noncoding and was once considered to be made of
gene deserts. It is now well-established that most of the noncoding
regions can be transcribed, giving rise to approximately 60,000 long
noncoding RNAs (IncRNAs) (6), which would equate to 3 times the
number of protein-coding genes. Growing evidence supports the
notion that IncRNAs play a regulatory role in systemic energy metab-
olism in mice. For example, we have shown that a liver-enriched
IncRNA, IncLSTR, regulates systemic lipid metabolism (7), and a
second IncRNA, IncLGR, regulates glycogen content in mice (8).
Robust mouse IncRNA metabolic regulators (nLMRs), such as Lex-
is, Mexis, and Blncl (9-11), have also been reported by many groups,
and this list continues to expand. Furthermore, several genome-
wide transcriptome analyses in mice have identified hundreds of
potential mLMRs in key metabolic organs, suggesting that mouse
IncRNAs constitute an additional dimension of metabolic regulation
(12,13). Ifhuman IncRNAs exercise a similar function, studying their
metabolic function could help systemically uncover novel regulatory
mechanisms of human metabolism and expand our understanding
of how metabolic disease is initiated and progresses.
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Despite their enormous potential, it is currently extreme-
ly difficult to define human IncRNA metabolic regulators
(hLMRs), in part because of the multitude of challenges in
assigning functions to IncRNAs in general, and in determining
the metabolic function of human IncRNAs in particular. Cur-
rent knowledge and technology limit our ability to identify and
characterize IncRNA functions, especially relative to the prog-
ress that has been made for protein-coding genes. Since our
current understanding of the sequence-function relationship of
IncRNAs is very poor, we cannot use sequence features, such as
functional domains in protein-coding genes, to place IncRNAs
in a biological context (14).

To address this challenge in the context of energy metab-
olism, considerable efforts have been devoted to identifying
mLMRs by analyzing the regulatory information of a IncRNA in
response to various conditions to inform its function. For exam-
ple, we have developed a pipeline to identify mLMRs based on
their regulations by multiple pathophysiologically representa-
tive metabolic conditions in mice (12). Sallam et al. identified 2
mLMRs of cholesterol metabolism based on their regulation by
liver X receptor (LXR), a well-established transcription factor
in cholesterol homeostasis (10, 11). The valuable information
yielded by these extensive studies could in theory help identify
hLMRs if IncRNAs were as conserved as mRNAs. Surprisingly
and intriguingly, however, over 80% of human IncRNAs are not
conserved (15, 16), and most human IncRNAs cannot be found
in mice and vice versa. Thus, most human IncRNAs belong to
a unique class of molecules whose regulatory information has
to be directly derived from human studies. Although clinical
RNA-Seq data of human metabolic tissues are emerging and
accumulating, their numbers and the metabolic conditions
under which they are collected are limited. More importantly,
unlike data generated in inbred mouse strains under well-con-
trolled experimental conditions, the gene expression levels in
humans are significantly affected by genetic heterogeneity (17)
and environmental factors. With so many complicating factors
involved, it is evidently not a trivial task to retrieve hLMR sig-
nals from human data that truly reflect metabolic responses, or
are metabolically sensitive, without losing their significance
to the general population, and an approach that is specifical-
ly suitable for human IncRNAs is needed. Furthermore, for
protein-coding genes, the definitive functional validation is
routinely carried out in research animals, particularly in mice,
by creating gain- or loss-of-function models. Given that most
human IncRNAs are nonconserved, their physiological func-
tion cannot be directly studied in conventional mice, and an in
vivo model is needed to experimentally characterize putative
hLMRs in a physiologically relevant setting.

In order to leverage the accumulating clinical studies to under-
stand the pathophysiological importance of IncRNAs in human
metabolism, we have established an effective strategy to retrieve
a list of broadly representative and metabolically sensitive human
IncRNAs from human transcriptome data. We further refined our
selection based on the regulation of these human IncRNAs by defined
metabolic conditions in a humanized mouse model, and most impor-
tantly, experimentally defined the in vivo role of a nonconserved
hLMR in cholesterol metabolism in the humanized mouse model.
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Results
Identification of hLMRs. To take advantage of the currently avail-
able human data while overcoming its limitations, we combined
a variety of human studies and a humanized mouse model to
establish a practical platform to identify population-applicable,
metabolically sensitive, and disease-relevant hLMRs (Figure 1). In
order to maintain the broad representation of selected IncRNAs
in the general population, we started our analysis with human liv-
er RNA-Seq data from the Genotype-Tissue Expression (GTEx)
project (18, 19). Although GTEx RNA-Seq data harbor valuable
information for distinct tissue-relevant genes, the data lack deep
clinical phenotyping for identifying differentially expressed genes
linked to metabolic disease or therapy. Interestingly, information
on gene expression variability or dynamics in a specific cell type
or tissue has been utilized to infer potential roles in pathophysi-
ology and diseases (20-22). We postulate that IncRNAs with high
expression variability in key metabolic tissues such as the liver in
the general population from GTEx could be potentially metaboli-
cally sensitive and disease relevant. Therefore, we determined the
gene expression variability in the livers of individuals in GTEx. To
extend the coverage for human IncRNAs, we have recently estab-
lished an updated and comprehensive IncRNA database, IncRNA
Knowledgebase (IncRNAKB) (23), which we used to map human
IncRNAs throughout this study (see Methods). In total, the coef-
ficients of variation for 16,906 genes, including 2665 IncRNAs
expressed in the liver samples (Figure 2A), were calculated and
ranked in 4 quartiles. We then assigned the protein-coding genes
in the top and bottom quartile separately to the category of com-
plex diseases using the DAVID gene functional annotation tool. As
shown in Figure 2B, there was a significant enrichment of multiple
disease categories in the top quartile of protein-coding genes from
the liver, whereas very few were found in the bottom quartile. This
result suggests that hepatic genes with high dynamic expression
in the general human population might be conditionally respon-
sive and susceptible to a variety of complex disease conditions,
particularly cardiometabolic diseases (Figure 2B). Thus, the 943
IncRNAs included in the top quartile (Supplemental Table 1; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI136336DS1) could be metabolically sensitive and
potentially function as human IncRNA regulators in the develop-
ment of cardiometabolic diseases (Figure 1, identification step 1).
To determine the responsiveness of these dynamic IncRNAs to
a specific metabolic disease condition, we examined their regula-
tion in NAFLD. NAFLD is a metabolic disorder of high prevalence
and is known to cause global changes in gene expression and metab-
olism in the liver. Specifically, we analyzed a large RNA-Seq data set
composed of liver samples (total 139 samples) from a cross-section-
al study of NAFLD (24) (Figure 3A and Supplemental Table 2) and
found that 348 of 943 (~37%) dynamically expressed IncRNAs were
differentially expressed in the NAFLD populations, further support-
ing the notion that highly dynamic IncRNAs may have direct rele-
vance to metabolic disease (Figure 1, Identification steps 1-2).
Although the 348 IncRNAs have potential implications for
both general and disease populations, their observed changes in
expression levels could be affected by genetic heterogeneity inher-
ent to population-based human studies. To minimize such effects
and further enrich IncRNAs whose expression levels are indeed
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metabolically sensitive, we next analyzed a liver RNA-Seq data set
generated from liver biopsies of 7 obese NAFLD patients before
and after a short-term intervention with a low-carbohydrate diet
(25). A low-carbohydrate diet is known to cause rapid and robust
reductions of liver fat as well as changes in the expression of genes
in multiple metabolic pathways (25). Out of the 348 IncRNAs, 77
were also regulated by the low-carbohydrate dietary interven-
tion in this small cohort (Supplemental Table 3 and Supplemen-
tal Table 4 and Figure 3A). Thus, by integrating gene expression
dynamics in the general population and gene regulation in obser-
vational and interventional human studies related to NAFLD, we
effectively identified a group of population-applicable, metabol-
ically sensitive, and disease-relevant human IncRNAs, which we
refer to as putative hLMRs (Figure 1, identification steps 1-3).

In recent years, it has become a common practice to predict
a IncRNA’s function based on its correlated protein-coding genes
in a large transcriptome data set (12, 26-28). On many occasions,
however, the number of such correlated genes could be very large,
and the predicted functions could be very broad. Additionally, the
correlated genes often vary significantly in distinct populations.
To overcome these limitations, we extracted genes persistent-
ly correlated with a IncRNA in multiple independent data sets,
which we postulated could remove some protein-coding genes
that were spuriously coregulated with a IncRNA and enrich the
IncRNA’s specifically correlated genes. Specifically, we intersect-
ed protein-coding genes correlated with a IncRNA in the general
GTEx population and samples from the NAFLD study described
above. As a result, we identified a concise list of correlated genes
of each hLMR in a metabolic disease-relevant setting. The Gene
Ontology (GO) analysis using these lists indicated that our iden-
tified hLMRs may function in diverse metabolic pathways, such
as fatty acid oxidation, the cholesterol biosynthetic process, and
glucose metabolism (Figure 3B and Supplemental Table 4).

Metabolic regulation of hLMRs in humanized mice. After fil-
tering out confounding variables to identify metabolically sensi-
tive hLMRs and predict their functions, we next asked whether
we could further investigate their metabolic responses under a
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Figure 1. A roadmap for defining human
IncRNA metabolic regulators. An inte-
grative roadmap illustrates the steps to
identify population-applicable, metaboli-
cally sensitive, and disease-relevant human
IncRNA metabolic regulators by stepwise
selections of human IncRNAs in the general
population, a metabolic disease population,
a small disease cohort, and humanized mice
(identification); to infer their function based
on their correlation with mRNAs in multiple
populations (prediction); to validate their
function in humanized mice (validation); and
finally to explore their relevance to human
diseases (implication).

Validation

Predicted function
of hLMRs

physiologically relevant and well-controlled experimental condi-
tion. Indeed, we recently found that a liver-specific humanized
mouse model, which was produced by human hepatocytes from a
single donor and kept in a defined environment in an animal facil-
ity (29), is suitable for studying the regulation of human-specific
IncRNAs (30). We thus performed RNA-Seq analysis to identify
differentially expressed human genes in the liver-specific human-
ized mice subjected to a fasting-refeeding regime, which involves
the 2 extreme ends of caloric cycles and is known to regulate
nearly all key metabolic genes in vivo (Supplemental Table 5). As
expected, the expression of protein-coding genes involved in fat-
ty acid oxidation and gluconeogenesis was upregulated by fasting
and downregulated by refeeding, whereas genes in the lipogenesis
pathway showed the opposite pattern (Figure 4A and Supplemen-
tal Figure 1A), supporting the proper response of human genes to
nutrient and hormone levels in the humanized liver. Furthermore,
we noticed that a significant portion of differentially expressed
human genes during fasting and refeeding overlapped with those
in the NAFLD and the low-carbohydrate dietary intervention
analysis (Figure 4B). These results further support the notion that
the humanized liver maintains a proper gene expression response
to metabolic milieu as the human liver does. Finally, we found that
20 out of 77 of the liver hLMRs that we identified were regulat-
ed by feeding cycles in the humanized mice (Figure 4C). Indeed,
the specific regulations of these 20 hLMRs were largely in line
with their predicted function. For example, Inckb.38556, which is
downregulated by fasting and recovered by refeeding, is predicted
to function in biosynthesis of cholesterol.

Taken together, by performing stepwise selections of IncRNAs
frommultiple datasetsrepresentingthe generalpopulation, disease
populations, interventional studies, and well-controlled experi-
ments in humanized mice, we established a list of potential hLMRs
that are population applicable, metabolically sensitive, and dis-
ease relevant (Figure 1, identification steps 1-4). Furthermore, by
extracting protein-coding genes that persistently correlated with
IncRNAs in independent populations, we were able to generate a
concise list of genes that could be utilized to infer the function of
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A Figure 2. Gene expression variability in the livers

of individuals in GTEx. (A) Violin plots of coefficient
of variation of expressed genes (n = 16906) in GTEx
liver data set (n = 188; scaled by area). Coefficient of
variation was log,, normalized. (B) Enrichment of the
disease classes assigned to the protein-coding genes
in bottom quartile (left) and top quartile (right)
dynamically expressed in GTEX liver data set.
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each hepatic hLMR for downstream analysis
(Figure 1, prediction steps).

Top quartile Regulation of hepatic cholesterol biosyn-
---------------------------------------- thetic pathway by hLMRI in the humanized
liver. Among the 20 liver hLMRs, we used
Inckb.38556, which we refer to ashLMR1, as an
example to experimentally validate our selec-
tion and prediction process. hLMRI is anno-
tated as a 5-exon intergenic IncRNA located in
chromosome 3 of the human genome with the
full-length transcript around 2 kb, and bioin-
formatic prediction supported its poor coding
potential (Supplemental Figure 1, B and C). No
homolog of hLMRI could be identified in mice
by a BLAST search, suggesting it is a noncon-
served human IncRNA. To further character-
ize the gene structure and transcript isoforms
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Seq analysis of humanized livers showed that
hLMR1 was downregulated during fasting and
recovered upon refeeding (Figure 4C), which
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Figure 3. Identification of human IncRNA metabolic
regulators. (A) The process of identification of human
IncRNA metabolic regulators (hLMRs) by multilevel anal-
ysis of different types of relevant human data. The num-
bers of IncRNAs resulting from each step are marked in
red. NAFLD, nonalcoholic fatty liver disease. (B) GO term
analyses using the protein-coding genes persistently cor-
related with hLMRs in independent human populations.
Only the top 5 GO terms of each hLMR are presented.

was further verified by qPCR (Supplemental Figure 2C). Further-
more, GO term analysis using the list of genes persistently correlat-
ed with hLMR1 indicated that hLMR1 may function in the choles-
terol biosynthetic process (Figure 3B), which was consistent with
the observation that hLMR1 was induced by refeeding.

To directly test the predicted role of hLMRI in the choles-
terol biosynthetic pathway, we screened for shRNAs that could
efficiently block the expression of hLMR1, and then used adeno-
viruses expressing the selected shRNA to specifically reduce the
expression levels of hLMRI1. As shown in Figure 5A, this strategy
successfully depleted the expression of hLMRI in the livers of
humanized mice, and a further subcellular fractionation analysis
confirmed that both nuclear and cytosol hLMR1 could be effi-
ciently reduced (Supplemental Figure 2D). Remarkably, among
the 6 crucial genes in the cholesterol biosynthetic pathway whose
expressions correlated with hLMR1 in our GO term analysis,
4 genes (SC5D, FDPS, LSS, and HMGCSI) showed decreased
expression by more than 50% upon depletion of hLMRI in the
humanized livers (Figure 5A). This result thus supported the
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idea that hLMR1 positively regulates the cholesterol biosynthetic
pathway, as predicted. We noticed that depletion of hLMR1 had
no effect on the expression of PAQRY, the close neighbor gene of
hLMRI1 (Figure 5A), indicating it is unlikely that hLMR1 functions
through modulating the expression of PAQR9.

Given that our pipeline was designed to identify hLMRs impli-
cated in the general population, we next tested whether the regu-
latory effects of hLMRI could be observed in a different genetic
background. A knockdown experiment as described above was
hence performed in humanized mice prepared with hepatocytes
from a second independent and ethnically different donor. As
shown in Figure 5B, with a similar knockdown efficiency of hLMR1
in these mice, we found significant downregulation of SC5D, LSS,
FDPS, and HMGCSI1, which was consistent with the result we
observed in mice produced with the first donor. Taken together,
our results indicate that hLMRI is critical to maintain the expres-
sion of cholesterol biosynthetic genes in human populations.

To further study the regulatory effects of hLMR1, we next asked
whether overexpression of hLMR1 could promote the expression of
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genes in the cholesterol biosynthetic pathway. To this end, we took
advantage of the CRISPR activation (CRISPRa) tool to enhance the
expression of endogenous hLMRI1 specifically in human hepatocytes
of the humanized liver. As shown in Figure 5C, adenovirus-medi-
ated expression of CRISPRa targeting hLMR1 in humanized mice
induced the expression level of hLMRI1 by 4-fold, whereas the
expression of PAQR9 was not affected. Corroborating the result of
our knockdown experiments, we found that induction of hLMR1 by
CRISPRa resulted in significant upregulation of SC5D, FDPS, LSS,
and HMGCSI. This data further suggests that hLMR1 is not only
necessary for maintaining the expression of cholesterol biosynthetic
genes, but also sufficient to promote their expression.

The regulatory effects of hLMR1 on cholesterol biosynthetic
genes encouraged us to examine whether hLMRI1 could modulate

genes. To explore the molecular mechanism mediating the regulato-
ry effects of hLMRI, we first performed RNA poly II ChIP analysis
to determine the transcriptional activities of hLMRI1 target genes in
the humanized livers. As shown in Figure 6A, humanized livers with
depletion of hLMR1 showed significantly lower enrichment of RNA
poly II on the transcription start site of human SC5D, FDPS, LSS, and
HMGCSI. These data suggest that hLMR1 regulates the expression
of cholesterol biosynthetic genes by promoting their transcription,
in line with the relative enrichment of hLMR1 in the nuclear fraction
(Supplemental Figure 2, A and B). To further explore how hLMR1
regulates the transcription of its target genes, we next performed
RNA pulldown combined with mass spectrometry analysis to identify
proteins that interact with hLMRI1. This strategy successfully identi-
fied PTBPI, an RNA-binding protein that regulates almost all steps of

J Clin Invest. 2021;131(1):e136336 https://doi.org/10.1172/)Cl136336
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RNA metabolism, as an hLMRI1-binding partner. We confirmed the
mass-spectrometry results by Western blot analysis (Figure 6B), and
then an RNA IP (RIP) analysis using PTBP1 antibody in liver tissue
lysate of humanized mice was performed. As shown in Figure 6B,
hLMR1 was enriched by more than 50-fold in PTBP1 immunopre-
cipitate compared with IgG, further supporting the specific interac-
tion between hLMR1 and PTBPL. To directly test whether PTBPI is
involved in hLMR1-mediated transcriptional regulation of choles-
terol biosynthetic genes, we overexpressed hLMR1 in combination
with PTBPI to determine their effects on a human HMGCSI pro-
moter-driven luciferase reporter. As shown in Figure 6C, expression
of either hLMR1 or PTBPI could increase the HMGCSI promoter-
driven luciferase activity, and simultaneous expression of both
showed a synergistic enhancing effect. This result suggests that
PTBPIis a positive transcriptional regulator of cholesterol biosynthet-
ic genes, and hLMR1 likely functions through facilitating the recruit-
ment of PTBP1 to the promoters of its target genes. To experimen-
tally test this, we performed PTBP1 ChIP analysis in the humanized
liver and determined PTBP1 enrichment on the promoters of hLMR1
target genes. As shown in Figure 6D, PTBP1 exhibited robust enrich-
ment on the promoters of human SC5D, FDPS, LSS, and HMGCSI,
and its binding to these promoters was diminished by depletion of
hLMR1 in humanized livers. Taken together, our results indicate that
hLMR1 recruited PTBP1 to the promoters of genes in the cholesterol
biosynthesis pathway to activate their transcription. Considering the
established role of PTBPI in regulating pre-mRNA splicing, it is pos-
sible that hLMRI1 could also affect the splicing of its target genes in
addition to the transcriptional regulation. To test this possibility, we
checked reported splicing events (32) as well as annotated splicing
variants of hLMRI target genes and found that the expression pat-
terns of detected HMGCSI and FDPS isoforms were not affected by
knockdown of hLMR1 (Supplemental Figure 3, A-C), suggesting that
itis unlikely that hLMR1 regulates the splicing of its target genes.
Ectopic expression of hRLMRI in regular mice promotes cholesterol
biosynthesis. To further study the functional importance of hLMR1-
PTBP1 in cholesterol metabolism, we asked whether the function
of human PTBPI is conserved in mice and as such, whether ectopic
expression of hLMRI in regular mice could promote cholesterol
biosynthesis. To test these possibilities, we used adenovirus-medi-
ated shRNAs to knock down Ptbpl in regular mice and then exam-
ined the expressions of cholesterol biosynthetic genes. As shown in
Figure 7A, when more than 70% Ptbpl was depleted, we observed
decreased expression of Sc5d, Fdps, Lss, and Hmgcsl. This result
suggests that mouse Ptbpl also positively regulates the expression
of cholesterol biosynthetic genes, which allowed us to test the
effect of ectopic expression of hLMRI in regular mice. We thus
cloned the full-length cDNA of hLMR1 in an adenoviral vector and
delivered the packed adenoviruses into regular mice. This strategy
successfully expressed hLMRI1 in mouse livers to a level compara-
ble to that in human hepatocytes. As shown in Figure 7B, we found
that expression of hLMR1 resulted in marked upregulation of
Schd, Fdps, Lss, and Hmges] in the liver of regular mice but showed
no effects on the expression of Scdl and Spot14, genes in the fatty
acid biosynthesis pathway. These results suggest that as a human-
specific IncRNA, hLMR1 may function in the liver of regular mice
through a similar mechanism as we observed in human experimen-
tal systems. To test this, we first determined whether hLMR1 could
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interact with the promoter regions of the mouse genes regulated
by hLMRI1. As shown in Supplemental Figure 4A, when incubated
with liver chromatin lysates of regular mice, hLMR1 could enrich
the promoter DNA fragments of Sc5d, Lss, Fdps, and Hmgcsl. We
further performed a PTBP1 ChIP analysis using liver chroma-
tin lysates from regular mice with or without ectopic expression
of hLMR1 and found that hLMR1 could enhance the binding of
PTBP1 on the promoters of Sc5d, Lss, Fdps, and Hmgcsl (Figure
7C). Furthermore, when Ptbpl was depleted, ectopic expression
of hLMR1 was no longer able to induce the expression of its tar-
get genes, suggesting that the regulatory effects of hLMR1 were
dependent on the expression of Ptbpl (Supplemental Figure 4B).
Finally, both plasma and hepatic cholesterol levels were increased
upon expression of hLMR1 (Supplemental Figure 4C). These data,
in combination with our results in humanized mice, support the
crucial role of hLMR1-PTBP1 complex in cholesterol metabolism.
Hepatic expression of hLMRI is associated with cholesterol levels in
human population. To further explore the impact of hLMR1 on choles-
terol metabolism in the human population, we used expression quan-
titative trait loci (eQTL) and GWAS integrative analysis to determine
the association between hepatic expression of hLMR1 and lipid levels
in the general population (33). As shown in Figure 8, encouragingly,
we found that several cis eQTLs of hLMR1 overlapped with GWAS
loci for total cholesterol levels. A summary-data-based Mendelian
randomization (SMR) analysis, which tests whether the effect size of
an SNP on the phenotype is mediated by gene expression using data
from GWAS and eQTL studies (34), was then performed to further
determine whether the overlapped eQTL/GWAS loci were func-
tionally related. The analysis passed both SMR and heterogeneity in
dependent instruments (HEIDI) tests (SMR P < 0.05 and HEIDI P >
0.05, see Methods), suggesting the hepatic expression level of hLMR1
might contribute to the regulation of cholesterol levels in humans.

Discussion

Human IncRNAs constitute a significant portion of the human
transcriptome and have been shown to play a critical role in diverse
biological processes. Despite this, the role of human IncRNAs in sys-
temic energy metabolism is poorly understood, in part because of
the challenging nature of identifying hLMRs and defining their met-
abolic function in a physiologically relevant context. In this work, we
established an integrated bioinformatic and experimental pipeline to
identify hLMRs based on their regulatory information in the general
population, patients with metabolic disease, and a humanized mouse
model (Figure 1). We also adapted an improved approach to infer the
function of hLMRSs. Finally, we provided a proof-of-principle example
that the metabolic function of human IncRNAs could be successfully
defined in a humanized mouse model, where we validated that a non-
conserved human IncRNA exhibited its predicted function in choles-
terol metabolism and confirmed it as a legitimate hLMR.

Compared to data generated in inbred mice under well-
defined conditions, human gene expression data are intrinsically
very noisy because of multiple confounding factors, particularly
the diverse genetic background and environmental factors. On
the other hand, steps to remove the impact of genetic and other
confounding factors have the risk of restricting the significance
of the findings to a specific subpopulation. To address these chal-
lenges, our work has established a platform to identify putative
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Figure 7. Ectopic expression of hLMR1
in regular mice promotes biosynthesis
of cholesterol. (A) Gene expression in
the livers of regular mice receiving lacZ
shRNA (sh-lacZ, n = 9), or shRNA for
Ptbp1 (sh-Ptbp1, n = 7). (B) Gene expres-
sion in the livers of regular mice receiv-
ing adenovirus for control (ad-vector, n
= 5) or expression of hLMR1 (ad-hLMR1,
n =6). (C) PTBP1 ChIP analyses in

liver tissues of regular mice receiving
adenovirus for control (ad-vector) or
expressing of hLMR1 (ad-hLMR1). n =3
for each group. Datain A, B, and C are
shown as the mean + SEM, *P < 0.05 by
2-tailed, unpaired Student’s t test.

hLMRs that are metabolically sen-
sitive, disease relevant, and pop-
ulation applicable. Several steps
in our selection procedure were
designed to better retrieve specif-
ic signals against the background
noises in human data and at the
same time retain the significance
of identified IncRNAs to the gen-
eral population. For example, the
responsiveness to multiple disease
or metabolic conditions could
enrich IncRNAs that are metabol-
ically sensitive, and regulations in
small cohorts and the general pop-
ulation alike could ensure that the
functional importance of selected
IncRNAs has broad implications.
Our approach is entirely scal-
able and can readily integrate any
new RNA-Seq data of human met-
abolic organs under any additional
metabolic conditions. These data
are expected to become available en
masse with the widespread use of
RNA-Seq technology. Although our
selective procedure could potential-
ly enrich functional IncRNAs that
play a role in metabolism, it does not
immediately confirm functionality.
Thus, this work also underscores
the fundamental importance of a
humanized mouse model for the
definitive validation of the physio-
logical importance of any putative
hLMRs, which are mostly non-
conserved. Expression of human
IncRNAs in conventional mice, aswe
have utilized in the work, is a useful
alternative to humanized mice, and it
may mitigate some of the limitations
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for how PTBP1 exercises its function in
cells and animals. PTBPI is a well-estab-
lished regulator of splicing, but its identi-
fied functions have expanded rapidly in
recent years. A number of IncRNAs have
been recently reported to interact with
PTBP1 to regulate its known functions or
expand its functional space. For example,
IncRNA LUCATI interacts with PTBP1
to facilitate alternative splicing of a set
of DNA damage-related genes (37), and
IncRNAs MEG3 and UCA1 have been
shown to form a complex with PTBP1
to regulate RNA decay (38) or enhance
RNA stability (39), respectively. Several
IncRNAs have also been recently report-
ed to bind to PTBP1 to regulate transcrip-
tion (40, 41), which represents a relative-
ly newly identified function for PTBP1.
PTBPI is universally and abundantly
expressed in most tissues, but loss-of-
function studies in animals have showed
that it often exerts a tissue-specific

[ I I
142.5 142.6 142.7

Chromosome 3 Mb

Figure 8. lllustration of the overlap between eQTLs of hLMR1and GWAS loci for lipid trait.

of studying human IncRNAs in mice. However, ectopic expression of
human IncRNAs in mice cannot replace the utility of humanized mice
in which loss-of-function analysis of human IncRNAs provides a near-
ly definitive confirmation of their relevance to human physiology.

The function of hLMR1 identified in this study provides an
interesting perspective on the regulation of human cholester-
ol synthesis genes. It is well known that humans and mice have
very different lipoprotein profiles, largely due to the function of
cholesterol ester transfer protein, a protein-coding gene that only
exists in humans (not in mice) and can mediate the transfer of
triglycerides among human lipoproteins. But the core cholesterol
synthesis pathway has been considered largely conserved between
humans and mice, and the mouse model has been widely used to
study the regulation of human cholesterol synthesis genes (35).
The impact of hLMR1, a nonconserved human IncRNA, on human
cholesterol synthesis suggests that there might be additional layers
of species-specific regulatory mechanisms beyond protein-coding
genes in mammalian cholesterol metabolism. Consistent with this
notion, a primate-specific IncRNA, CHROME, has also recently
been shown to regulate cholesterol efflux in human macrophages
and hepatocytes (36). These observations suggest that the regula-
tion of the cholesterol synthesis pathway might also be subject to
substantially divergent regulations among mammals, and defin-
ing the human IncRNAs involved could provide novel insights into
human cholesterol metabolism.

The regulatory role of the hLMRI-PTBP1 complex identified
in this study also provides new insights into the molecular basis
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' function (42, 43), raising the question

142.8 of how the tissue-specific regulation of

PTBPI function is achieved. Compared

to protein-coding genes, the expression

of IncRNAs is much more cell type- and

tissue-specific, and their specific inter-

actions with PTBP1 might confer tissue

specificity to PTBP1 function. Consistent with this notion, hLMR11is

highly specific to the liver, the primary site for cholesterol synthesis

in the body. With the growing number of human IncRNAs shown

to bind to PTBP], studying the in vivo function of these IncRNAs

is expected to enhance our understanding of the functional impor-
tance of PTBPI in physiology and human diseases.

LncRNAs are the largest and probably also the least con-
served transcript class in the human genome (15). With the grow-
ing importance of human IncRNAs in biology and physiology,
defining hLMRs could drive profound changes in the way we
study energy metabolism experimentally and understand meta-
bolic disease conceptually, and we hope that efforts to define a
functional hLMR could help chart the way forward.

Methods

Bioinformatics analysis

Analysis pipeline for human RNA-Seq data. FASTQ read files were
cleaned using TrimGalore. Reads were then aligned using HISAT2
to an index created using the GRCh38 genome and the IncRNAKB
annotation (23). Aligned.sam files were then compressed into.
bam files and sorted using Sambamba sort. featureCounts from
the subread package was used to count reads/fragments aligned to
genes (at the exon feature level). Samples with less than 1,000,000
reads aligned were removed. Individual count files were merged
into a single count file for each data set using a python script. In
each data set, a threshold of more than 1 cpm in at least 50% of
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samples was applied before further analysis. The RNA-Seq data
sets for cross-sectional human studies were retrieved from Bio-
Project PRJNA512027 for the 139 liver samples from the NAFLD
population. The RNA-Seq data sets for interventional human
studies were retrieved from BioProject PRJNA420975 for the 7
paired liver samples of the low-carbohydrate dietary intervention
in NAFLD in the NCBI’s Sequence Read Archive (SRA) database.
Analysis pipeline for humanized mice RNA-Seq data. RNA-Seq data
have been deposited in NCBI's Gene Expression Omnibus (GEO,
GSE130525). A combined human and mouse annotation was created
by combining the IncRNAKB gene transfer format (GTF) annotation
with the RefSeq GCFO00001635.26 GTF annotation. A combined
human and mouse genome was created by combining the GRCh38.p12
genome sequence; the primary assembly was obtained from the Gen-
code website and the GRCm38.p6 genomic sequence obtained from
the RefSeq FTP site. RNA-Seq cleaning, alignment, sorting, quantifi-
cation, and filtering were conducted in the same way as human RNA-
Seq analysis using this index and genome file. Human gene counts
were extracted from the resulting count file by removing reads mapped
to mouse contigs. A more than 1 cpm in 50% of samples cutoff was
applied separately to human gene counts and mouse gene counts.
Differential expression analysis and principal component analy-
sis. A combined raw count file generated by the subread feature-
Counts tool for each data set was imported into R. Technical rep-
licates were combined using the collapseReplicates function from
the DESeq2 package. The variance stabilizing transform from the
DESeq2 package was applied to the count data from before and
after combining technical replicates (if there were technical rep-
licates) before conducting principal component analysis. The top
2 PCs were graphed to visualize clustering between experimen-
tal groups. DESeq2 was used with non-normalized count data to
find differentially expressed genes between experimental groups.
Covariates were controlled for by adding them to experimental
design if available. A cutoff of logFC more than 0.4 and g less than
0.05 was used for differential expression for all the liver samples.
Gene variability analysis. The gene expression profiles of the
human liver from GTEx version 7 includes samples from Caucasian,
Asian, and African ancestry (primarily Caucasian). An expression
cutoff of more than 1 cpm in 50% samples was applied in each tis-
sue to reduce mapped genes to 16,906 expressed genes, including
2665 IncRNA genes in the liver. For each of the expressed genes, we
quantified expression variability by calculating its coefficient of varia-
tion n across all the available samples in each tissue. These were sub-
sequently ranked and split into quartiles. Diseases category analysis
was performed by using the DAVID gene functional annotation tool.
Gene correlation analysis. Count data for each data set was vari-
ance stabilizing transform (VST) normalized using the DESeq2 R
package. After VST normalization, 10 hidden technical factors were
calculated per data set using the probabilistic estimation of expres-
sion residuals (PEER) software package and were used in linear
regression as covariates to correct VST normalized expression data.
The mean expression of each gene was added back to the expression
residual. The correlation between IncRNAs and protein-coding genes
was analyzed by Pearson’s method using the normalized data in the
GTEx human population and metabolic disease-relevant population.
Significantly correlated protein-coding genes with Pless than 0.05 in
the liver were used for further GO analysis.

The Journal of Clinical Investigation

Mice with a humanized liver

TK-NOG mice, in which a herpes simplex virus type 1 thymi-
dine kinase (TK) transgene under a mouse albumin promoter is
expressed within the liver of highly immune-deficient NOG mice,
were obtained from Taconic Biosciences. The TK converts an anti-
viral medication ganciclovir (GCV) into a toxic product that allows
selective elimination of TK-positive cells in vivo. The cryopreserved
primary human hepatocytes were obtained from Lonza. The human-
ized TK-NOG mice were prepared as previously described (29).
Briefly, the TK-NOG mice at 8-9 weeks old received an i.p. injection
of GCV at a dose of 25 mg/kg. One week later, 50 uL volume of 1 x
10¢ human primary hepatocytes suspended in HBSS solution were
transplanted via intrasplenic injection. The serum human albumin
inthe mice was measured as an index of the extent of human hepato-
cyte replacement 8-12 weeks after transplantation. Humanized
TK-NOG mice with serum human albumin levels above 0.5 mg/mL
were used for experiments in which human hepatic genes could be
reliably detected by qPCR. For the fasting-refeeding study, human-
ized mice were produced, and the experiment was carried out at
Central Institute for Experimental Animals (CIEA). Humanized
mice for the rest of the study were produced and analyzed at National
Heart, Lung, and Blood Institute (NHLBI). For the fasting-refeeding
study, humanized TK-NOG mice were allowed free access to food
(fed, harvested at around 9-10 am) or subjected to a 24-hour food
withdrawal (fasting, from ~9:00 am to 9:00 am), or subjected to a
24-hour food withdrawal followed by a 4-hour refeeding (refeeding
from ~9:00 am to 1:00 pm) before tissue harvest. Animal data were
excluded from experiments based on preestablished criteria of vis-
ible abnormal liver structure during sample harvest or other health
issues such as fighting wounds or infections. According to the vari-
ability of metabolic parameters, group size was determined based on
previous studies using similar assays within the laboratory and pilot
experiments. Experimenters were not blinded to treatment group.

RNA extraction, RNA-Seq, qPCR analysis

Total RNA was isolated from liver tissues using TRIzol reagent (Invitro-
gen). After Turbo DNA-free DNase treatment (Ambion), the construc-
tion of strand-specific sequencing libraries using Illumina TruSeq RNA
sample Prep kit and the sequencing were performed at the NHLBI
DNA Sequencing and Genomics Core. The reverse transcription was
carried out with SuperScript III First-Strand Synthesis system (Invitro-
gen) using 1 pg of RNA. Quantitative real-time RT-PCR was performed
ona ViiA 7 Real-Time PCR System (Applied Biosystems Inc.) The PCR
program was 2 minutes 30 seconds at 95°C for enzyme activation,
40 cycles of 15 seconds at 95°C, and 1 minute at 60°C. Melting curve
analysis was performed to confirm the real-time PCR products. For
detecting the expressions of human genes in humanized liver samples,
human-specific primers were designed and quantitation was normal-
ized to human 16S rRNA levels. For detecting the expressions of mouse
genes in regular mice (C57BL/6), 18S rRNA was used as the internal
control. For detecting the expression of hLMRI in human tissues, the
Human MTC Panel I (Takara Bio Inc., 636742) was used. The full prim-
er sequences used are provided in Supplemental Figure 5.

In vitro translation
The in vitro translation analysis was performed using the TnT
Quick Coupled Transcription/Translation System from Promega
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by following the manufacturer’s protocol. The translated protein
was visualized by using IRDye streptavidin (LI-COR), which detect-
ed the biotinylated lysine incorporated into the translated proteins.
The open reading frame of yellow fluorescent protein (YFP) was
used as a positive control.

smRNA FISH

smRNA FISH and microscopy were performed according to pub-
lished protocols and as described previously (44, 45). Probe set
against hLMRI labeled with Quasar 570 was custom designed
using LGC Biosearch Technologies’ Stellaris online probe design-
er (version 4.2). GAPDH was hybridized with a predesigned probe
set labeled with Quasar 670 (LGC Biosearch Technologies).

Primary human hepatocytes (Lonza) were seeded on colla-
gen-coated glass coverslips (Thermo Fisher Scientific, NC0636242)
in full growth media. The next day, coverslips were washed 2 times
with PBS and fixed in 3.7% formaldehyde (Sigma-Aldrich) in PBS
for 10 minutes at room temperature (RT). After fixation, cells were
permeabilized in 70% ethanol at 4°C for 1 hour. Coverslips were
incubated in prehybridization buffer (10% deionized formamide
[Agilent] in wash buffer A [LGC Biosearch Technologies]) for 5
minutes at RT. Cells were hybridized with 50 pL of hybridization
buffer (LGC Biosearch Technologies) supplemented with 10%
deionized formamide (1:100 dilution of smRNA FISH probes) over-
night at 37°C in a humid chamber. The next day, cells were washed
with wash buffer (wash buffer A with 10% deionized formamide)
for 30 minutes at 37°C, followed by a another wash (wash buffer
A with 10% deionized formamide) containing Hoechst DNA stain
(1:1000; Thermo Fisher Scientific) for 30 minutes at 37°C. Covers-
lips were washed with wash buffer B (LGC Biosearch Technologies)
for 5 minutes at RT, equilibrated for 5 minutes in base glucose buffer
(2x SSC, 0.4% glucose solution, 20 mM Tris pH 8.0 in RNase-free
H,0), and then 5 minutes in base glucose buffer supplemented with
1:100 dilution of glucose oxidase (stock 3.7 mg/mL) and catalase
(stock 4 mg/mL). The coverslips were mounted with ProlongGlass
(Invitrogen) on a glass slide and left to curate overnight.

Z-stacks (250 nm z-step) capturing the entire cell volume were
acquired with a GE wide-field DeltaVision Elite microscope with an
Olympus UPlanSApo 100x/1.40 numerical aperture oil objective
lens and a PCO Edge sCMOS camera using appropriate filters. The
3-dimensional stacks were deconvolved with the built-in DeltaVi-
sion SoftWoRx Imaging software. Fiji was used to generate maxi-
mum intensity projections and for signal quantification.

Adenovirus production and in vivo adenovirus administration

The shRNAs for hLMR1 and mouse Ptbpl were designed using
the following sequences (hLMR1 shRNA: CCTTCACAGCTCT-
GCCTAA; mouse Ptbpl shRNA: GCACCGTCCTGAAGATCAT).
The hairpin template oligonucleotides were synthesized by Inte-
grated DNA Technologies and were subsequently cloned into the
adenovirus vector of the pAD/Block-it system (Invitrogen) accord-
ing to the manufacturer’s protocols. The overexpression con-
struct of hLMR1 was generated by PCR amplifying the sequence
of ENST00000476385.1 using a human liver cDNA sample. The
sequence was subsequently cloned into pAdv5 adenovirus vector
for virus packaging. Adenoviruses were amplified in HEK293A
cells and purified by CsCl gradient centrifugation. Purified viruses
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were desalted with PD10 columns (GE Healthcare Life Sciences)
and titered with Adeno-X Rapid Titer Kit (Clontech). Adenovirus-
es were delivered into mice intravenously at 5 x 108 PFU/mouse for
overexpression experiments or at 1 x 10° PFU/mouse for knockdown
experiments. After 7 days, tissue samples were harvested for further
analysis after mice had been fasted for 24 hours (~9:00 am-9:00 am)
and followed by a 4-hour refeeding (~9:00 am to 1:00 pm).

CRISPRa in humanized mice

CRISPRa assay was conducted using the SAM system (http://sam.
genome-engineering.org/protocols/). The sgRNA for hLMR1 was
designed using the following sequence: forward, CACCGGACAG-
ACAGGAGAGCAGACT; reverse, AAACAGTCTGCTCTCCT-
GTCTGTCC. Briefly, the template was ligated into the sgRNA
(MS2) cloning backbone (Addgene, 61424) using Golden-Gate
reaction (SAM) after Golden-Gate annealing. The expression
cassettes of dCas9-VP64 (Addgene, 61422) and MS2-P65-HSF1
(Addgene, 61423) were subcloned into pAdv5 vector (Invitrogen)
for virus packaging. SgRNA elements with the U6 promoter were
amplified and subsequently cloned into pAd/PL adenovirus vector
(Invitrogen) for virus packaging. Viruses were amplified, desalted,
and titered as described above. Three adenoviruses (1:1:1) were
delivered into humanized mice intravenously at a total of 5 x 108
PFU/mouse. After 7 days, tissue samples were harvested for fur-
ther analysis after mice were under food withdrawal for around 5
hours (from ~9:00 am to 2:00 pm).

RNA pulldown assay
RNA pulldown was performed as described previously (46). Brief-
ly, biotin-labeled RNAs were transcribed in vitro using the Biotin
RNA Labeling Mix and T7 RNA polymerase (Ambion) and purified
with the RNeasy Mini Kit (QIAGEN). YFP coding sequence in a
reverse direction (YFP-NC) was used as the control. Folded RNAs
(3 ng) were added into 5 mg precleared liver lysates of humanized
mice (supplemented with 0.2 mg/mL heparin, 0.2 mg/mL yeast
tRNA, and 1 mM DTT) and incubated at 4°C for 1 hour. Then 60
uL of washed streptavidin-coupled Dynabeads (Invitrogen) were
added to each binding reaction and further incubated at 4°C for 1
hour. Beads were washed 5 times with lysis buffer (150 mM NaCl,
20 mM Tris pH 7.4, 1 mM EDTA, 0.5% Triton X-100 with Pro-
tease/Phosphatase Inhibitor Cocktail and RNaseOUT, Thermo
Fisher Scientific) and heated at 70°C for 10 minutes in 1x lithium
dodecyl sulfate (LDS) loading buffer, and retrieved proteins were
visualized by SDS-PAGE and silver staining. The unique protein
bands shown in the hLMR1 RNA pulldown were identified by
mass spectrometry analysis at NHLBI Proteomics Facility.

For RNA pulldown using the chromatin lysate, folded RNAs
(2 pg) were added into 5 pg liver tissue chromatin lysate of regu-
lar mice (supplemented with 0.2 mg/mL yeast tRNA, 0.2 mg/mL
DNA from salmon testes) and incubated at 4°C for 1 hour. Then, 30
uL of washed streptavidin-coupled Dynabeads (Invitrogen) were
added to each binding reaction and further incubated at 4°C for 1
hour. Beads were washed 5 times with wash buffer (150 mM NacCl,
20 mM Tris pH 7.4,1mM EDTA, 0.5% Triton X-100 with Protease/
Phosphatase Inhibitor Cocktail and RNaseOUT and 1 mM DTT).
The DNA was eluted by digesting the washed beads with RNase A
and then treated with proteinase K. The DNA was purified by using
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the column from Simple ChIP Enzymatic Chromatin IP kit (Cell
Signaling Technology). The primers used were the same as used
for mouse Ptbpl ChIP analysis (Supplemental Figure 5).

RIP analysis

To prepare liver tissue lysates, frozen liver tissues were homoge-
nized using a Dounce homogenizer with 15-20 strokes in RIP buf-
fer (150 mM NaCl, 20 mM Tris pH 7.4, 1 mM EDTA, 0.5% Triton
X-100 with Protease/Phosphatase Inhibitor Cocktail and RNase-
OUT). For each RIP, 5 pg rabbit IgG or PTBP1 antibody (32-4800,
Thermo Fisher Scientific) were first incubated with 30 uL washed
Dynabeads Protein G in 300 pL RIP buffer supplemented with 0.2
mg/mL BSA, 0.2 mg/mL heparin and 0.2mg/mL EcoRI tRNA for
1 hour. Then, the antibody-coupled beads were added to 5 mg of
liver tissue lysates diluted in 500 pL RIP buffer and incubated for
3 hours at 4°C with gentle rotation. Beads were washed briefly 5
times with RIP buffer. At the final wash, one-fifth of beads were
used for protein analysis and the rest of the beads were resuspend-
ed in 1 mL of TRIzol for RNA extraction. Coprecipitated RNAs
were isolated and analyzed by RT-PCR.

ChIP analysis
ChIP assays of frozen liver tissues of humanized mice were per-
formed using the SimpleChIP Enzymatic Chromatin IP Kit (Cell
Signaling Technology) according to the manufacturer’s protocol.
IP was performed using RNA Poly II ChIP-validated antibody
(MilliporeSigma, 17-620), PTBP1 antibody (Thermo Fisher Scien-
tific, 32-4800), or with rabbit IgG as a negative control. For RNA
poly II ChIP, the DNA in each ChIP were determined by qPCR
analysis using primers amplifying the genomic sequences cover-
ing the transcriptional start sites of genes. For PTBP1 ChIP, the
DNA in each ChIP were determined by qPCR analysis using prim-
ers amplifying the genomic sequences covering the promoters of
genes. The primers used are list in Supplemental Figure 5. The
relative enrichment was calculated by normalizing the amount of
ChIP DNA to input DNA and comparing with the IgG control as
fold enrichment.

Luciferase reporter assay

The human HMGCS1 promoter was amplified (forward, GTCCATC-
GGAATTAGTTTAGCCTGTGC; reverse, CAATCGCGGCCGGTA-
GAGTTG) and cloned into the pGL3-Basic Vector (Promega). Full-
length PTBP1 expression vector and control vector were purchased
from OriGene (RC201779 and PS100001). The HEK293A cells
were maintained in DMEM supplemented with 10% cosmic calf
serum. Cells were transfected with pGL3-HMGCS1 promoter, the
PTBP1, pAd-hLMR]I, or control vectors using Lipofectamine 2000
(Invitrogen), and luciferase assays were performed 24 hours later
using the Dual-Luciferase Reporter Assay Kit (Promega). Transfec-
tion efficiency was measured by normalization to Renilla luciferase
activity expressed from a cotransfected pTK-RL vector (Promega).

Immunoblotting

Forimmunoblotting analyses, the cells and tissues were lysed in 1%
SDS lysis buffer containing phosphatase inhibitors (Sigma-Aldrich)
and a protease inhibitor cocktail (Roche). The lysate was subject-
ed to SDS-PAGE, transferred to PVDF membranes, and incubated
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with the primary antibody followed by the fluorescence conjugated
secondary antibody (LI-COR). The bound antibody was visualized
using a quantitative fluorescence imaging system (LI-COR). The
PTBP1 antibody (32-4800) was from Thermo Fisher Scientific.

Measurement of lipid levels in liver tissues and plasma

The liver and plasma cholesterol levels in regular mice were mea-
sured by using a cholesterol assay kit from Abcam (ab65390) and
normalized to tissue weights. To measure human LDL-VLDL choles-
terol levels in the plasma of humanized mice, human apolipoprotein
B-containing lipoproteins in the plasma of humanized mice were
immunoprecipitated by using LipoSep IP reagent (Sun Diagnostics,
LS-01). The immunoprecipitated pallets were first washed with PBS,
and then were resuspended in PBS plus 0.5% NP-40 to release lip-
ids from lipoproteins. After a brief centrifuge, the cholesterol levels
in supernatant were measured by using a cholesterol assay kit from
Abcam (ab65390) (as in Supplemental Figure 1D), or further nor-
malized to the humanized ratio of each mouse (as in Figure 4D). The
humanized ratio was determined by the relative expression levels of
human 16S in the real-time PCR analyses using cDNA prepared from
the homogeneous powder of each humanized liver tissue.

Statistics

For comparisons between 2 groups, a 2-tailed, unpaired Student’s
t test was used in the following figures: Figure 4, A and D, fasting
versus fed, refeeding versus fasting; Figure 5, A-D; Figure 6, A and
D; Figure 7, A-C; and Supplemental Figure 4, B and C. For mul-
tiple comparisons, 1-way ANOVA with post hoc Tukey’s honestly
significant difference test was used in Figure 6C. A P value of less
than 0.05 was considered significant.

Study approval

All animal experiments were performed in accordance with and
with approval from the NHLBI Animal Care and Use Committee
or the Animal Care Committee of the CIEA, Kawasaki, Japan. All
human-related data sets were downloaded from public domains.
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