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ABSTRACT

Objective: Non-alcoholic fatty liver disease (NAFLD) involves hepatic accumulation of intracellular lipid droplets via incompletely understood
processes. Here, we report distinct and cooperative NAFLD roles of LysTTT-5'tRF transfer RNA fragments and microRNA miR-194-5p.
Methods: Combined use of diet induced obese mice with human-derived oleic acid-exposed Hep G2 cells revealed new NAFLD roles of LysTTT-
5'tRF and miR-194-5p.

Results: Unlike lean animals, dietary-induced NAFLD mice showed concurrent hepatic decrease of both LysTTT-5tRF and miR-194-5p levels,
which were restored following miR-132 antisense oligonucleotide treatment which suppresses hepatic steatosis. Moreover, exposing human-
derived Hep G2 cells to oleic acid for 7 days co-suppressed miR-194-5p and LysTTT-5'tRF levels while increasing lipid accumulation.
Inversely, transfecting fattened cells with a synthetic LysTTT-5/tRF mimic elevated mRNA levels of the metabolic regulator $-Klotho while
decreasing triglyceride amounts by 30% within 24 h. In contradistinction, antisense suppression of miR-194-5p induced accumulation of its novel
target, the NAFLD-implicated lipid droplet-coating PLIN2 protein. Further, two out of 15 steatosis-alleviating screened drug-repurposing com-
pounds, Danazol and Latanoprost, elevated miR-194-5p or LysTTT-5'tRF levels.

Conclusion: Our findings highlight the different yet complementary roles of miR-194-5p and LysTTT-5'tRF and offer new insights into the

complex roles of small non-coding RNAs and the multiple pathways involved in NAFLD pathogenesis.
© 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION considered as the hepatic manifestation of metabolic syndrome,

NAFLD is associated with obesity, hypertension, dyslipidemia, central

Non-alcoholic fatty liver disease (NAFLD), also referred to as metabolic
dysfunction-associated steatotic liver disease (MASLD), is the leading
cause of chronic liver disease and one of the most common liver
disorders worldwide. NAFLD/MASLD involves hepatic accumulation of
lipid droplets (LDs), which are composed of a neutral lipid core sur-
rounded by a lipid monolayer and decorated with a repertoire of
specific proteins [1,2]. NAFLD begins with simple steatosis, which may
progress to non-alcoholic steatohepatitis (NASH) with subsequent
higher risk of cirrhosis and hepatocellular carcinoma [3]. Often

adiposity, insulin resistance, and diabetes [4,5]. Due to its growing
prevalence, there is a need to explore the underlying mechanisms of
NAFLD development and progression, and seek novel routes for
treatment. Since LD accumulation in hepatocytes is the primary
characteristic of NAFLD, great efforts have been invested in research
aiming to understand LD formation, regulation and contributions to
NAFLD progression. LDs are coated by LD-associated proteins such as
the perilipins (PLINs), which take part in LD formation, stabilization,
and trafficking [6,7]. Of those, PLIN2 is the major hepatic LD protein. Its
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levels correlate with steatosis degree [6,8], and Plin2-deficient mice
are NAFLD-resistant and display reduced hepatic triglycerides [9,10].
NAFLD pathology has been suggested to involve crosstalk between the
liver, gut and adipose tissue [11,12]. A significant gut-derived signal
that affects adipose tissue and liver response in NAFLD is the fibroblast
growth factor (FGF) 15/19 and its receptor system [13]. FGF19 (FGF15
in the mouse), a member of the FGF19 subfamily along with FGF21 and
FGF23, is secreted from the intestine and transported to the liver.
There, it binds the fibroblast growth factor receptor-4 (FGFR4) assisted
by the B-Klotho (KLB) co-receptor, to regulate bile acid (BA) synthesis
and homeostasis, which are involved in NAFLD pathogenesis [14,15].
Thanks to its combined contributions in the liver, gut, and adipose
tissue, and since KLB is a fundamental component that is essential for
the complex activation of FGFR and the intracellular downstream re-
sponses of FGF signaling [16,17], KLB and its related proteins have
emerged as promising targets for treating NAFLD [18].

Small non-coding RNAs (sncRNAs) have also been proposed to be
causally involved in NAFLD’s initiation and progression. These include
microRNAs (miRs), small (~22 nucleotides) regulators of gene
expression that bind protein-coding mRNA transcripts, silence them
post-transcriptionally [19], and regulate numerous biological pro-
cesses including lipid metabolism, inflammation, and oxidative stress
[20—22]. However, while several miRs were implicated in NAFLD
pathophysiology [23—25], neither their routes of action nor their
complete impact have fully been clarified.

The recently re-discovered transfer RNA fragments (tRFs) include
active elements with miR-like capacities [26,27], generated by
nucleolytic processing of intact tRNAs of nuclear and/or mitochondrial
genome origins. Specific tRFs were found to be causally involved in the
surveillance of cell proliferation, regulation of gene expression, RNA
processing, tumor suppression and neurodegeneration [28—31], but
the potential roles of tRFs in NAFLD remain unknown.

To study the involvement of miRs and tRFs in NAFLD, we have utilized
a murine model previously developed in our laboratory in which diet-
induced obese (DIO) mice were treated with an oligonucleotide tar-
geting miR-132. While obese mice exhibited significant hepatic stea-
tosis, with elevated serum triglycerides and LDL/VLDL, mice treated
with an antisense oligonucleotide targeting mmu-miR-132-3p (termed
AM132) inversely exhibited a reversal of the fatty liver phenotype [25].
We initiated the current study by performing small RNA sequencing of
hepatic tissue from these mice following treatment with AM132 or a
control molecule, and combined this with further experiments in
human-derived Hep G2 cells to test the relevance of our findings for the
human liver. In each of these systems we discovered a novel route,
whereby complementary yet distinct actions of specific miRs and tRFs
emerged as beneficial joint forces for NAFLD arrest.

2. RESULTS

2.1. miR-194-5p and LysTTT-originated tRFs decline jointly in a
murine fatty liver model

Liver tissues of lean regular chow diet (RCD) and DIO mice treated with
AM132 or AM608 (a control antisense targeting the primate-specific
hsa-miR-608 and hereafter termed Ctrl) [25] were subjected to
small RNA-seq (Figure 1A, Supp. materials and methods). Principal
component analysis (PCA) segregating the levels of distinct treatment-
specific patterns in AM132 compared to Ctrl mice revealed clustering
of miRs by treatment (Figure 1B). Differential expression (DE) analysis
revealed altered profiles of liver-expressed miRs (Figure 1D) in DIO
mice with the hyperlipidemic phenotype vs Cirl mice, including 34
upregulated and 47 downregulated miRs. PCA analysis of tRFs also

revealed clustering according to treatment (Figure 1C) with DE
expression of 13 upregulated and 5 downregulated tRFs (Figure 1E).
Predictably, the AM132 anti-steatotic treatment downregulated miR-
132-3p in AM132 mice (log2FoldChange = —12.3, padj = 4.6e-
33). This was accompanied by altered levels of miR-122-5p, miR-
148a-5p, miR-192-5p, let-7g-5p, let-7f-5p, miR-21a-5p, miR-99a-
5p, miR-26a-5p, miR-194-5p, and miR-30a-5p, which were the top
10 DE miRs, based on their log2fold change and mean expression
(count change [32]) (Figure 1D, Supp. Table 1). Notably, several of
these miRs, including miR-122-5p, miR-21a-5p, and miR-192-5p, are
known to be NAFLD-related [24,33]. Moreover, KEGG pathway analysis
of the predicted targets [34] of all DE miRs showed “fatty acid
metabolism” as the top affected pathway (p = 1.01E-17), indicating
involvement of the identified miRs in the processes leading to liver fat
accumulation (Figure 1F, Supp. Table 2). In comparison, the 18 DE
tRFs originated from nuclear alanine, lysine, and histidine-carrying
tRNA genes (Supp. Table 3). The top 10 DE molecules by count
change measure included four alanine tRNA-derived fragments: 3’
tDR-55:76-Ala-CGC-1-M4, 5’ tDR-1:19-Ala-AGC-4-M7, 3’ tDR-55:76-
Ala-CGC-3-M2, and 5’ tDR-1:25-Ala-AGC-4-M7; two lysine-tRNA-
derived fragments: 5’ tDR-1:18-Lys-TTT-3-M2, 5’ tDR-1:21-Lys-TTT-
3-M2; and one each from serine, arginine, histidine and glycine tRNAs:
5'tDR-1:16-Ser-AGA-1-M7, 5’ tDR-1:20-Arg-TCT-1, i-tDR-2:31-His-
GTG-1, and 3’ tDR-55:76-Gly-TCC-1-M3, respectively (Figure 1E).
NAFLD’s occurrence and persistence is often linked to altered brain
activities, especially in the hypothalamus [35,36]. Therefore, we tested
whether the AM132 treatment also affects hypothalamic small RNAs,
by subjecting hypothalamic tissues from our NAFLD DIO mice to small
RNA-seq. However, no tRFs, and only two miRs, were DE between the
groups (Supp. Figure 1), suggesting that the effects of systemic AM132
treatment were limited to the liver.

2.2. PLIN2 is elevated in steatotic Hep G2 and in DIO mice

To investigate the relevance of selected regulatory sncRNAs in the
mouse NAFLD model to liver pathophysiology in humans, we exposed
human liver-derived hepatocellular carcinoma Hep G2 cells to 0.5 mM
oleic acid (OA). Predictably, this triggered dose-dependent lipid
accumulation [37], which was visualized by staining the cells with Nile
Red (Figure 2A), a lipophilic compound that binds neutral lipids (mainly
triglycerides and cholesteryl esters) in the core of LDs. This accu-
mulation was also quantified by spectrophotometric measurement of
Nile Red (Figure 2B), normalized to DAPI signal as reflecting cell
number (see Supplementary Materials and Methods for details).
Importantly, the observed lipid accumulation was accompanied by
elevated mRNA and protein levels of the LD-coating perilipin 2 (PLIN2)
(Figure 2C, D), which is the most enriched LD-coating protein in the
liver, and the levels of which correlate with those of stored triglycerides
[6]. Seeking molecular links, we quantified the levels of liver-
expressed PLINs in our RCD and AM132 or Ctrl treated DIO mice.
Notably, Plin2, Plin3, and Plin5 mRNA levels were all upregulated in
DIO compared to RCD mice, but AM132-treatment led to decline of
Plin2 levels alone compared to Ctrl mice, by ~40% (Figure 2E). To
further confirm the reduction in Plin2 we measured its protein levels in
a subset of samples from each group. Indeed, PLIN2 protein levels
were elevated in the DIO compared to RCD mice, with a ~30%
decrease in the AM132 compared to the Ctrl mice (Figure 2F—G).

2.3. miR-194-5p directly targets PLIN2

That AM132-treated mice showed lower Plin2 mRNA as well as protein
levels than Ctrl mice could reflect either decreased steatosis and
resultant reduced presence of lipid droplet-coating proteins, and/or
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Figure 1: AM132-reversal of the fatty liver phenotype in DIO mice induced altered miR and tRF profiles. A. Experimental design: DIO mice injected with AM132 or AM608
as control (Ctrl) were sacrificed on day 7, with age-matched RCD mice (n = 8 per group). Liver samples were collected and small RNA-seq was performed to profile miRs and tRFs.
B. PCA showing clustering of DE miRs according to treatment. C. PCA of DE tRFs also shows clustering according to treatment. D. Volcano plot of DE miRs in AM132-treated DIO
mice vs control revealed larger fold changes in decreased vs increased miRs. E. Volcano plot of DE tRFs in these samples showed a mild increase in elevated tRFs. F. KEGG
pathway analysis of the of the DE miR targets pointed to enrichment in fatty acid metabolism pathways.
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Figure 2: PLIN2 reflects lipid levels in human Hep G2 cells and DIO mice. A. Hep G2 cells exposed to 0, 0.5, or 1 mM OA for 48 h were fixed and stained with Nile Red (red)
and DAPI (blue), and show increasing Nile Red accumulation that reflects increasing triglyceride content. B. Quantification of Nile Red signals in independent experiments by
spectrophotometry, n = 3 experiments, multiple wells per experiment. Total Nile Red signal was normalized to total DAPI signal, per each well. C. RT-gPCR quantification of PLIN2
mRNA levels normalized to ribosomal protein RPL19 show OA-induced and dose-dependent enhancement of LD content. D. PLIN2 protein levels increase as well under 0A
treatment. E. AM132 treatment reduced Plin2 (but not Plin3 or Plin5) mRNA levels compared to Ctrl mice; quantification by RT-qPCR, normalization to b-actin (n = 5—8 per group).
F. PLIN2 protein levels increase in DIO compared to RCD mice, but decrease under AM132 treatment (n = 2 per group). G. Quantification of PLIN2 immunoblot shown in panel F. In
panels B, C, E, average =+ SD, one-way ANOVA with Tukey’s correction for multiple comparisons, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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reduced Plin2 levels due to selective regulation by DE miRs. To
distinguish between these options, we focused on the top 10 miRs that
were most DE between AM132-treated and Ctrl mice. Among those,
miR-194-5p, which was elevated in the AM132-treated mice
(Figure 1D, Supp. Table 1) was of special interest, as the TargetScan
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target prediction tool [38] identified it as targeting both human and
mouse PLINZ/Plin2 (Figure 3A). Correspondingly, miR-194-5p levels as
determined by RT-qPCR were lower in the DIO (NAFLD-afflicted) Ctrl
compared to AM132-treated mice (Figure 3B). In OA-exposed steatotic
Hep G2 cells, the levels of miR-194-5p were also reduced, by ~10%
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Figure 3: NAFLD-related miR-194-5p decline promotes PLIN2-mediated steatosis. A. The predicted complementary binding sites of miR-194-5p in human and murine PLIN2
mRNAs (upper and lower sections). B. RT-qPCR validation of RNA-seq presents elevated miR-194-5p levels in AM132 compared to control mice (n = 8 per group, RNA-seq in
Figure 1D). C. miR-194-5p levels decline in steatotic Hep G2 cells following 48 h exposure to OA. D. miR-194-5p levels following 72 h of OA exposure. E. miR-194-5p levels
following 1 week of OA exposure. Levels were determined by RT-gPCR and normalized to SNORD47, 2—3 experiments in each column. F. PLIN2 mRNA levels following miR-194-
5p KD in non-steatotic cells show a statistically insignificant increase (p = 0.13). G. Significantly elevated PLIN2 mRNA levels following KD in steatotic Hep G2 cells. In panels F—G

PLIN2 was measured by RT-qPCR and normalized to RPL19, 3 experiments each. H.

PLIN2 protein increases following miR-194-5p KD in steatotic Hep G2 cells. I. Blot

quantification of panel H, normalized to alpha-tubulin. J. Luciferase activity in HEK293T cells co-transfected with plasmids expressing human PLIN2 3'UTR and miR-194-5p or
scrambled sequence. In panels B—G, I, J, average & SD, Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4: LysTTT-tRFs show NAFLD-related decline in vivo and in-vitro. A. The levels of two LysTTT-5'tRFs (tDR-1:21-Lys-TTT-3-M2 and tDR-1:18-Lys-TTT-3-M2) are
reduced in NAFLD-afflicted Ctrl mice but restored to lean RCD mice levels under AM132 treatment. B. Experimental design (identical to Figure 1), with liver samples of AM132-
treated and Ctrl mice collected at 0, 2, 5, 7 and 14 days after AM132 treatment (n = 4 per group). LysTTT-5'tRFs showed highest levels at day 7 after AM132 treatment
(p = 0.019), when steatosis was lowest. C. LysTTT-5'tRF levels increase following acute 48 h exposure of Hep G2 cells to OA. D—E. LysTTT-5'tRF levels decrease following 0A
exposure for one and two weeks. Levels of tRF were determined by RT-qPCR after size selection and normalized to miR-145-5p and miR-15a-5p, average + SD, Student’s t-test,

*p < 0.05, ¥*p < 0.01, ***p < 0.001.

following 48 h of exposure to OA, and by ~20% following longer
exposure (Figure 3C—E). To further test PLIN2 targeting by miR-194-
5p we performed knockdown (KD) of miR-194-5p in Hep G2 cells using
antisense oligonucleotide (ASO) (Supp. Figure 2A). RT-gPCR of miR-
194-5p confirmed full knockdown in both non-steatotic and steatotic
Hep G2 cells (Supp. Figure 2B, C). Correspondingly, PLIN2 mRNA levels
were elevated by ~20% in both non-steatotic and steatotic cells
(Figure 3F, G). This increase was significant in the steatotic cells
(Figure 3G) and was reflected in protein levels, which were increased
2.5-fold (Figure 3H, I). In the non-steatotic cells this increase did not
reach statistical significance, possibly due to the markedly lower PLIN2
levels in these cells, as demonstrated both at the mRNA and protein
levels (Figure 2C, D), thus leading to a reduced impact of the KD.

To challenge direct PLIN2 regulation by miR-194-5p we co-transfected
HEK293T cells with two plasmids, one expressing the 3’UTR of human
PLIN2 and the second expressing miR-194-5p or a scrambled control
sequence (see Materials and Methods). We then performed a dual
luciferase reporter assay and determined that transfection with miR-
194-5p vs control reduced luciferase activity by ~40% (Figure 3J),
therefore confirming PLIN2 as a novel target of miR-194-5p.

2.4. The anti-steatotic AM132 treatment elevates LysTTT-5tRFs

To explore tRF involvement in NAFLD pathogenesis, we sought liver DE
tRFs in the DIO mice which, following AM132 treatment, exhibit
restored RCD levels (Figure 1E, Supp. Table 3) [25]. Among the top 10
DE tRFs, we focused on two sequence-sharing tRFs originated from
LysTTT-tRNA; tDR-1:18-Lys-TTT-3-M2 and tDR-1:21-Lys-TTT-3-M2
(hereafter LysTTT-5'tRFs). These fulfilled the criteria of low levels in
DIO Ctrl mice and elevation upon AM132 treatment to the levels
observed in RCD mice (Figure 4A). To gain more insight into the
expression kinetics of the LysTTT-5'tRFs in NAFLD, we further quan-
tified their levels in liver samples of AM132 and Ctrl mice at 0, 2, 5, 7
and 14 days post-treatment (Figure 4B upper panel). This was done by
performing electrophoretic size selection prior to RT-qPCR, to extract
fragments smaller than 50 bases and exclude the amplification of
intact tRNAs (see Materials and Methods and Supp. Table 5). AM132-
treated mice presented progressively reduced liver steatosis, which
reached its lowest level at day 7 post-treatment [25]. Interestingly,
LysTTT-5'tRFs showed parallel, albeit inverse kinetics, with elevation
initiating on day 5 post-treatment, reaching peak levels at day 7, and
decreasing by day 14 post-treatment (Figure 4B lower panel). These
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Figure 5: LysTTT-5'tRF suppresses steatosis in Hep G2 cells. A. Experimental
design: 24 h after seeding, cells were exposed to 0.5 mM OA for 24 h, then transfected
with 100 nM of a LysTTT-5'tRF mimic for 24 h. At 48 h after OA (24 h after mimic
treatment) cells were fixed, stained and imaged or harvested for RNA extraction. B.
Triglyceride levels were determined in >150 confocal microscope images from mul-
tiple wells in three independent experiments, expressed as area of Nile Red signal
normalized to the number of nuclei per image. A 33% reduction in lipid content
following LysTTT-5'tRF mimic treatment was observed. C. Triglyceride levels
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parallel timelines suggested a functional involvement of the tRFs in
reversing the fatty liver phenotype.

To gain more insight into the function of LysTTT-5'tRFs we first tested
their levels in our Hep G2 steatosis model. Contrasting the decrease
observed in the DIO Ctrl relative to the AM132 mice, 48 h of OA
exposure led to elevation of LysTTT-5'tRF levels by 50% (Figure 4C).
However, since NAFLD is a chronic liver disease in which patients are
subjected to constant hepatic lipid load, often for years, we suspected
that the acute 48 h OA exposure in cell culture was insufficient to
recapitulate the long-term aspects of NAFLD. To more closely mimic
the chronic lipid overload we exposed Hep G2 cells to OA for one and
two weeks. Under those conditions LysTTT-5tRFs levels were
decreased by ~20% and ~ 30% (Figure 3D, E), compatible with their
reduction in the NAFLD-afflicted mice.

2.5. LysTTT-5tRF mimic suppresses lipid droplet accumulation
and elevates B-Klotho (KLB) levels

To pursue causal effects of LysTTT-5tRFs on triglyceride accumulation
we treated OA-exposed steatotic Hep G2 cells with a chemically pro-
tected RNA oligonucleotide mimic of LysTTT-5tRF or a negative
control (NC) RNA oligonucleotide (Figure 5A, Supp. materials and
methods). Following staining with Nile Red and DAPI we acquired
confocal microscopy images of these cells (n = ~ 150, multiple wells
from three independent experiments) and determined lipid droplet
levels by using our computational tool (see Supp. materials and
methods and Supp File 1 for details) to quantify the total area of Nile
Red signal and normalize it to the number of DAPI-stained nuclei.
Within 24 h, mimic-treated cells showed a 33% reduction in Nile Red
staining area compared to NC-treated cells (Figure 5B). To re-
challenge this observation we quantified lipid droplets in three inde-
pendent experiments by spectrophotometric measurement of Nile Red
and DAPI staining (reflecting cell number, see Supp. materials and
methods), which revealed that cells treated with the LysTTT-5'tRF
mimic showed ~25% lower signal intensity, substantiating the
expedited 24 h-reduction in triglyceride levels (Figure 5C).

To further seek downstream changes in response to LysTTT-5'tRF
enrichment we performed long RNA-seq of steatotic Hep G2 cells
treated with LysTTT-5"tRF mimic or NC oligonucleotides. This analysis
revealed 32 DE transcripts, 28 of which were upregulated following
mimic compared to NC treatment (Supp. Table 4). Importantly, the
transcript with the largest fold change upon LysTTT-5'tRFs mimic
treatment was KLB, elevated by ~25% (Figure 5D). These results
were also verified by qPCR quantification in independent experiments
that showed KLB levels elevated by ~35% (Figure 5E). KLB, an
essential co-factor of FGFR, is known for its protective role in NAFLD
[18]. To challenge its involvement in regulating triglyceride

determined in 3 independent experiments by spectrophotometry, expressed as total
Nile Red signal normalized to total DAPI signal per well. Note the 25% reduction in lipid
content following LysTTT-5"tRF mimic treatment. D. RNA-seq of steatotic Hep G2 cells
treated with LysTTT-5"tRF mimic compared to control, with KLB presenting the most
profound fold change in treated cells (log2FoldChange = 0.3, p = 5.69E-06). E. RT-
gPCR validation of the sequencing results showing that KLB mRNA levels were
restored in steatotic cells following treatment with a LysTTT-5'tRF mimic. F. KLB mRNA
levels show a decline in steatotic compared to non-steatotic Hep G2 cells. G. RT-qgPCR
quantification of Kb mRNA levels showing elevation in mice following AM132 treatment
compared to Ctrl mice. H. RT-qPCR quantification of Fgfr4 mRNA levels likewise
showing elevation following AM132 treatment. I. RT-qPCR quantification of Cyp7ai
showing reduced mRNA levels following AM132 treatment. In panels E, F, quantifi-
cation by RT-qPCR, normalized to RPL19 (n = 3 experiments). In panels G—I, quan-
tification by RT-qPCR, normalized to b-actin (n = 7—8 mice per group). In all panels
except A and D, average + SD, Student's t-test, *p < 0.05, **p < 0.01,
***p < 0.001.
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accumulation in our cell culture system, we measured KLB levels
following OA exposure. Notably, KLB levels were reduced in the
steatotic Hep G2 cells (Figure 5F). Taken together, these results show
the beneficial effect of the LysTTT-5/tRF mimic that is able to restore
KLB levels following their reduction under steatosis. Compatible with
our findings in the Hep G2 model, DIO mice as well revealed elevated
levels of hepatic KIb mRNA levels following steatosis-alleviating
AM132 treatment (Figure 5G). Upregulated Kib levels could poten-
tially suggest increased FGFR4-KLB mediated signaling; to challenge
this prediction as well, we next quantified the levels of expressed Fgfr4
and found those levels to be elevated as well following AM132
treatment, at a similar extent to the Kib increases (Figure 5H).
Downstream intracellular responses to FGFR4-KLB signaling include
the inhibition of bile acid synthesis by downregulation of cholesterol
7a-hydroxylase (CYP7A1). Correspondingly, the AM-132-treated mice
presented Cyp7ai levels reduced by ~50% (Figure 5I). Together,
these findings suggest that increased levels of LysTTT-5tRF reduce
triglyceride accumulation while elevating KLB to activate FGFR4-KLB
mediated signaling.

2.6. Danazol and Latanoprost reduce steatosis and elevate
LysTTT-5"tRF and miR-194-5p

To characterize potential pathways/targets which involve LysTTT-5'tRF
and miR-194-5p and reduce steatosis, we next performed a screening
assay of 1600 drugs from a drug repurposing compound library
composed of phase-l-approved therapeutics (Figure 6A and Materials
and Methods). Notably, 15 of the 1600 tested drugs decreased lipid
accumulation by over 40% within 24 h (Figure 6B). Intriguingly, these
drugs include anti-infection drugs (Fosamprenavir, Maribavir, Bephe-
nium and Pentoxifylline), anti-inflammation drugs (Diphenylpyraline
and Naproxen), and others (Figure 6C). Having identified those com-
pounds which reduce triglyceride levels, we sought corresponding
changes in LysTTT-5"tRF and miR-194-5p levels. This search revealed
that treatment with Danazol (pink) elevated the levels of LysTTT-5'tRF,
whereas treatment with Latanoprost (green) elevated miR-194-5p
(Supp. Figure 3A, B). Danazol is a synthetic steroid that suppresses
gonadotrophin production and possesses some weak androgenic ef-
fects, and Latanoprost is a prostaglandin F2o. analog that is used to
treat elevated intraocular pressure. Notably, the remaining drugs
showed no effect on the two NAFLD-related sncRNAs. That only two
drugs altered the levels of LysTTT-5tRF and miR-194-5p emphasized
the involvement of multiple pathways and various factors in eliciting
steatosis, ultimately presenting the complexity of NAFLD pathophysi-
ology and its diverse patterns of cell type specificities.

3. DISCUSSION

Challenging the working hypothesis that NAFLD’s development and
progression may involve active role(s) of sncRNAs, we used small RNA-
seq to profile the hepatic levels of miRs and tRFs in healthy and
fattened mice with or without the steatosis-alleviating AM132 treat-
ment. This identified joint declines of LysTTT-5'tRFs and miR-194-5p
in NAFLD-afflicted mice and in steatotic HepG2 cells, and noted inverse
yet transient rescue of their levels following AM132 treatment. Taken
together, our findings predicted potential roles for these sncRNAs in
human NAFLD.

Unlike blood cells from ischemic stroke patients, which show a
‘changing of the guard’ phenomenon in which cholinergic-targeting
miRs are replaced by tRFs [39], or the sex-specific and disease-
related loss of cholinergic-targeted tRFs in the brains of women living

with Alzheimer’s disease [40], our current study revealed hepatic ‘in
tandem’ decline of LysTTT-5'tRFs and miR-194-5p, which may jointly
contribute to the steatosis process through complementary impacts on
distinct pathways. Supporting human relevance, miR-194-5p decline
also occurred in human-originated Hep G2 cells following a short 48 h
exposure to OA (~ 10%), with further reduction after 72 h and one week
exposure to OA (~20%). In contrast, LysTTT-5'tRFs levels were first
elevated following acute 48 h of exposure to OA but were reduced
following longer exposures of one and two weeks to OA. Thus, LysTTT-
5tRFs could provide an ‘emergency’ control, with miR-194-5p providing
a longer-term impact. The ‘emergency’ response pattern of LysTTT-
5'tRFs is further compatible with the fact that tRFs would be more
readily available to deal with acute insults since no transcription is
required to elevate tRF levels, which are processed from already existing
tRNAs in the cytoplasm and are unavoidably present in all cells. In
contrast, miRs would first have to be transcribed in the nucleus and then
exported to the cytoplasm [19,28]. The initial elevation in LysTTT-5"tRF
levels following short exposure to OA may potentially reflect a cellular
attempt to cope with the stress condition under lipid overload, which
may lead to enhanced tRNA cleavage and LysTTT-5tRF production.
However, after prolonged exposure to OA, the hepatocyte tRNA reservoir
may be depleted, ultimately resulting in decreased levels of LysTTT-
5'tRFs and weaker protection from LD accumulation.

Of particular interest, each of the identified small RNAs targets distinct
albeit metabolically relevant pathways. Specifically, we uncovered a
novel anti-steatotic role of miR-194-5p by identifying the main hepatic
LD-coating protein PLIN2 as its direct target. This finding adds to
others’ reports of miR-194-5p control over hepatic stellate cell acti-
vation which is implicated in the development of liver fibrosis. More-
over, it relates to findings of miR-194-5p downregulation in fibrotic
liver [41,42] and in NASH and cirrhosis patients compared to controls,
and to its being marked as a potential diagnostic marker for NAFLD
[43]. Furthermore, a NAFLD-protective role of miR-194-5p was pro-
posed based on its elevated levels in DIO mice treated with green tea
over 12 weeks and on its capacity to decrease the uptake and
accumulation of lipids via the Hmgcr and Apoa5 transcripts influencing
triglyceride metabolism and fatty acid catabolism [44]. Adding to its
anti-fibrotic effects, our finding of PLIN2 as a miR-194-5p target in-
dicates that the loss of miR-194-5p in NAFLD and fibrosis may further
promote steatosis and contribute to NAFLD progression.

Others have also proposed tRF involvement in NAFLD pathophysiology;
tRF-3001b may promote NAFLD progression by inhibiting autophagy
through targeting the Prkaal gene [45], and the levels of three plasma
tRFs (tRF-Val-CAC-005, tiRNA-His-GTG-001, and tRF-Ala-CGC-006)
are elevated in NAFLD patients and mouse models, reflecting the
degree of liver fibrosis [46]. In comparison, we found that LysTTT-
5'tRFs protect from NAFLD by reducing triglyceride accumulation in
steatotic Hep G2 cells, and that this involved restoration of KLB levels.
Notably, KLB emerged as a promising target for treating NAFLD based
on its role as an important mediator of FGF19 signaling [18]. The
expression of FGF19 is induced in enterocytes by liver-derived BA
binding to the farnesoid X receptor. FGF19 is then secreted to the liver
where it binds the FGFR4-KLB complex, and induces downstream
intracellular responses which include the inhibition of BA synthesis by
downregulation of cholesterol 7a-hydroxylase (CYP7A1) [16,47—49].
Importantly, impaired BA synthesis and homeostasis are closely
implicated in NAFLD [14,15]. Indeed, mice treated with AM132
showed increased Klb and Fgfr4 levels and decreased Cyp7at levels,
indicating higher FGF19 signaling activity. Moreover, the KLB
rs17618244 variant increases the risk of ballooning and lobular
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B average + SD, Student’s t-test, **p < 0.01.

inflammation in children with NAFLD, and carriers of this single
nucleotide polymorphism present lower levels of hepatic and plasma
KLB. Furthermore, KLB downregulation in HepG2 and Huh7 cells
induced steatosis and upregulation of pro-inflammatory genes [50],
and Klb-deficient mice present steatosis and increased levels of pro-
inflammatory cytokines [51].
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Whether LysTTT-5tRF elevation directly regulates KLB mRNA levels
requires further identifying of possible mechanism(s) leading to this
effect. Several tRFs are known to affect mRNA stability by interacting
with RNA-binding proteins; in breast cancer cells, certain tRFs derived
from Glu-, Asp-, Gly-,Tyr-tRNAs suppress the stability of oncogenic
transcripts by interacting with the YBX1 protein and displacing it from
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the 3'UTR [52]. Also, 5’-tRF derived from Cys-tRNA binds to nucleolin
and induces its oligomerization, which in turn enhances nucleolin-
bound mRNAs’ stability [53]. However, whether that is the case for
LysTTT-5'tRFs and elevated KLB levels requires future research.
Intriguingly, both Danazol and Latanoprost, the two approved drugs
exerting response of LysTTT-5'tRFs and miR-194-5p in steatotic Hep
G2 cells, target androgen receptors (Danazol) and FP prostanoid re-
ceptors (Latanoprost). However, to the best of our knowledge, neither
of those was tested for treating NAFLD. In conclusion, we identified two
sncRNAs, LysTTT-5tRF and miR-194-5p, which jointly yet distinctly
regulate lipid accumulation in hepatocytes via different mechanisms,
and indicate multiple pathways for sncRNAs involvement in NAFLD
development and progression.

4. MATERIALS AND METHODS

4.1. Mice

Animal studies were approved by the ethics committees of The Hebrew
University of Jerusalem (approvals 14-14135-3 and NS-16-148663-
3). C57bl/6J mice were fed a regular chow diet (RCD) or a high fat
diet (Harlan Teklad, Madison, Wisconsin, USA) for 11 weeks to reach
diet-induced obesity. Injected oligonucleotides were modified by
locked nucleic acid protection and complementary to mature miR-132
(AM132, 16-mer) or to mature primate-specific miR-608 (AM608, 15-
mer, as a control with no predicted complementary sequences in mice)
(LNA, Exigon, Qiagen). DIO mice were injected intravenously with
3.3 mg/kg oligonucleotide for three consecutive days and were
sacrificed 0, 2, 5, 7, and 14 days post-treatment. Liver and hypo-
thalamus samples were collected, snap frozen in liquid nitrogen, and
stored at —80 °C. Age matched RCD mice were sacrificed and livers
collected as above [25].

4.2. Cell culture and tRF mimic experiments

Human hepatocellular carcinoma Hep G2 cells (HEPG2, ATTC HB-
8065™) were used in all experiments and were grown under standard
conditions (Supp. materials and methods). Cells were treated with oleic
acid (OA)-rich medium (Supp. materials and methods) for 24 h and
transfected with 100 nM LysTTT-5'tRF mimic or negative control
oligonucleotide (IDT, Syntezza Bioscience, see Supp. materials and
methods for sequences) using the HiPerFect transfection reagent
(Qiagen, 301705). After incubation for an additional 24 h in the same
OA-rich medium, cells were harvested for RNA and protein extraction
or fixed for triglyceride quantification.

4.3. RNA extraction

RNA was extracted using the miRNeasy Mini Kit (Qiagen, 217004)
according to the manufacturer’s protocol, followed by determination of
RNA concentration (NanoDrop 2000, Thermo Scientific), standard gel
electrophoresis for quality assessment, and RIN determination (Bio-
analyzer 6000, Agilent).

4.4. RT-gPCR

Synthesis of cDNA and RT-qPCR for mRNAs, miRs, and tRFs were done
using Quantabio reagents and mouse or human-specific primers (see
Supp. materials and methods for reagent details and Supp. Table 5 for
primer sequences). The CFX384 Touch Real-Time PCR System (Bio-
Rad) was used for quantification and the CFX Maestro software (Bio-
Rad v4.1.2433.1219) for analysis. Data is presented as relative
expression (AACt) normalized to housekeeping genes and plotted in
GraphPad Prism 8.0 (GraphPad Prism Software).

4.5. Immunoblotting

Cells were seeded in 12-well plates and incubated in 0, 0.5, or 1 mM
OA-rich medium for 24 h prior to transfection with a tRF mimic for
24 h. Cells were then washed and lysed in RIPA buffer, protein con-
centrations were determined, and 5 pg/sample were loaded and
separated by 4—15% gradient polyacrylamide gels and transferred to
nitrocellulose membranes. Proteins were detected with antibodies
against PLIN2 (Proteintech, 15294-1-AP), KLB (Abcam, ab106794) and
Alpha-Tubulin (Merck, T5168), HRP-conjugated secondary antibodies
(Jackson, 111-035-144 and 115-035-062), then ECL (Cell Signaling
Technologies, 12757 or Thermo Fisher Scientific, 34580) using the
myECL™ Imager and its software (Thermo Fisher Scientific) (see Supp.
materials and methods for details).

4.6. Triglyceride quantification

Cells were washed, fixed with 4% PFA, permeabilized, and stained
with DAPI (1 pg/mL, Santa Cruz Biotechnology, sc-3598) followed by
Nile Red (300 nM, Thermo Fisher Scientific, N1142). A Tecan Spark™
10M plate reader was used for spectrophotometric quantification, with
triglyceride content per well expressed as total Nile Red signal
normalized to total DAPI signal. Quantification was also carried out by
ImageJ analysis [54] of over 150 confocal microscope images
(FLUOVIEW FV10i, Olympus) from three independent experiments, with
triglyceride content per image expressed as total area of Nile Red
signal normalized to number of nuclei (See Supp. materials and
methods for method details and analysis parameters). The code is
publicly available, suitable for LD quantification and easy to adjust and
repurpose.

4.7. miR-194-5p knockdown

Cells were seeded in 12-well plates (150,000 cells/well) and trans-
fected 24 h later with 100 nM antisense oligonucleotide targeting miR-
194-5p or miR-608 as control (MiR-608 is not expressed in Hep G2
cells) (Exiqon, Qiagen) using Lipofectamine™ 3000 Transfection Re-
agent (Thermo Fisher Scientific, L3000008). 48 h later cells were
harvested. For RNA extraction, cells were collected in QlAzol with RNA
extraction as above. For protein extraction, cells were washed in PBS
and lysed in 140 pl of RIPA buffer (see Supp. materials and methods)
containing Protease Inhibitor Cocktail and Phosphatase Inhibitor
Cocktail (1:100; Cell Signaling Technology, 5871 and 5870). Cells
were incubated for 20 min on ice, collected and centrifuged twice
(15 min, 20,000 g, 4 °C). Supernatants were transferred to fresh tubes
and protein concentration was determined by Lowry assay (Bio-Rad,
5000113).

4.8. Dual luciferase assay

HEK293T cells were seeded in 24-well plates, and 24 h later co-
transfected with 500 ng psiCHECK™-2 Vector (Promega) containing
the 3’'UTR of the human PLIN2 gene downstream to the Renilla lucif-
erase gene, and with 500 ng plasmid expressing either miR-194-5p or
a scrambled sequence as control (MRO1 backbone, GeneCopoeia).
24 h later, cells were lysed and assayed using the Dual-Luciferase®
Reporter Assay System (Promega, E1910) as per the manufacturer’s
instructions, using a Tecan Spark™ 10M plate reader. Results are
expressed as ratio of Renilla to firefly luciferase activity for miR-194-5p
normalized to scrambled.

4.9. Drug screening assay
1600 drugs of a 2800-compound library (HY-L035, MedChem Express,
NJ, USA) were screened for identification of novel potential therapeutic
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targets to alleviate steatosis. Cells were seeded in 96-well plates
(20,000 cells/well) and 24 h later incubated with 0.5 Mm OA. 24 h later
the drugs were introduced at a final concentration of 5 uM with 2.5%
DMSO as control. After 24 h incubation, medium was removed and
cells were washed and stained for DAPI and Nile Red. Triglyceride
quantification was performed using a plate reader as describe above
and in Supp. materials and methods.

4.10. Small RNA sequencing and analysis

Murine tissues: RNA was extracted as described above from liver
(n = 8 per group) and hypothalamus (n = 12—16 per group) samples
of obese mice injected with AM132 or AM608 and lean RCD mice. RIN
was determined to be above 8.4 for all samples. Libraries were con-
structed from 300 ng (liver) or 200 ng (hypothalamus) total RNA
(NEBNext Multiplex Small RNA library prep set for lllumina, New En-
gland Biolabs, NEB-E7560S) and the small RNA fraction was
sequenced on the NextSeq 500 System (lllumina) at the Center for
Genomic Technologies Facility, the Hebrew University of Jerusalem.
Hep G2 cells: RNA was extracted from steatotic cells treated with
LysTTT-5tRF mimic or NC (two replicates per treatment) as described
above and RIN determined to be above 9.5 for all samples. Libraries
were constructed from 500 ng total RNA using KAPA Stranded mRNA-
Seq Kit (KAPA Biosystems, Wilmington, USA) and sequenced on
NextSeq 2000 (lllumina).

Analysis: FastQC (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/) was used for quality control and reads were further trimmed
and filtered using Flexbar (version 0.11.9 [55]). Sequences were
aligned using miRExpress 2.1.4 [56] (liver) or miRDeep2 [57] (hypo-
thalamus) to miRBase version 21 for microRNAs or using MINTmap 1.0
for conserved tRFs in mouse and human [58]. For the long RNA
sequencing exclusion of potential rRNA sequences was done using
Bowtie2 [59] and performing the alignment to the reference genome
(GRCh38.p14, release 109) using STAR aligner [60]. The transcripts
were subsequently quantified using HTSeq [61].

Differential expression analysis was performed in R version 4.1.3 using
DESeq2 [62]. MiRs, tRFs and long transcripts were considered DE if
they presented adjusted p-value of <0.05. Shrunken log2fold changes
were calculated with the “apeglm” algorithm [63] in small RNA
expression datasets and “normal” in the mimic experiment. Outlier
samples in liver were excluded based on PCA plots. Determination of
outliers was conducted with sample clustering by PCA. For liver
samples, sample AM132.8 was excluded for DE tests in the tRF
analysis, and sample RCD.3 was excluded from the miR analysis.

4.11. 1RF size selection and qPCR

To validate sequencing results we isolated tRFs from total RNA sam-
ples, while excluding whole tRNA molecules, as follows: 1 ug total RNA
per sample were separated by PAGE and bands containing RNAs less
than 50 nucleotides long were excised from the gel based on two size
markers. RNA was eluted from the gel, ethanol-precipitated, and
recovered in ddw. cDNA was synthesized from 500 pg/sample and tRF
levels were quantified by qPCR as described above. (See Supp.
materials and methods for detailed protocol).
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