








relative to other tissues was observed in the colon, compared
with the kidney and liver, in WT mice (Fig. 2B) using two
different housekeeping genes (Gapdh and Hprt). This result
is consistent with previously reported gene expression in
C57BL/6mice (Expression Atlas; https://www.ebi.ac.uk/gxa).
Phenotypic Characterization of Mct62/2 Mice. Fol-

lowing the generation of the Mct62/2 mouse model, a blood
panel analysis of biomarkers for liver and kidney function, as
well as overall health, was performed. Mct61/1 and Mct62/2

mice do not demonstrate any significant differences in com-
mon blood panel biomarkers, including alanine aminotrans-
ferase, alkaline phosphatase, glucose, total protein, and
blood urea nitrogen, when measured at 18 to 19 weeks of
age (data not shown). Over a period of 3–30 weeks of age, the
two groups of mice did not demonstrate any significant
differences in body weight.
At 30 weeks of age, mice were sacrificed from the two

groups and major organs were collected and weighed to in-
vestigate if there were any organ size differences between the
two strains. There were no statistical differences between
the two groups, and in addition no aberrant tissue morphol-
ogies were seen upon visual examination during necropsy
(data not shown). Due to these findings, Mct62/2 mice
appeared to be healthy, with growth, physiological develop-
ment, and biochemistry similar to the Mct61/1 mice.
Proteomic Profiling of Organs in Mct62/2 and

Mct61/1 Mice. Multitissue proteome profiling in Mct62/2

and Mct61/1 mice was performed with good precision utiliz-
ing a stringent set of criteria. As shown in Fig. 3, a summary
of the scheme depicts the overall paradigm of this method
from sample collection and preparation to functional anno-
tation. Using this exhaustive sample preparation and treat-
ment procedure, over 4000 unique proteins were identified
for each tissue, which was comprised of a mixture of proteins
derived from multiple subcellular compartments. A strin-
gent set of significance criteria was used to test for differ-
ences between Mct61/1 and Mct62/2 mice ($1.3-fold change,
P , 0.05). A summary is provided in Fig. 4. For kidney, 4417
unique proteins were identified with 31 significantly upre-
gulated and 20 downregulated. For the liver, 4124 unique
proteins were identified with 16 significantly upregulated
and 22 downregulated. For the colon, 4483 unique proteins
were detected with 82 significantly upregulated and 159

downregulated. Using highly stringent false discovery rates
(0.1% at the peptide level and 1% at the protein level) and
strict criteria for peptide discovery (minimum of two peptides
and a P value cutoff of 0.01), the comparative proteomic
profiles between the two groups of mice were characterized
with good confidence. Tables 1, 2, and 3 depict the most
significantly altered proteins in kidney, liver, and colon
tissues, respectively.
Bioinformatics and Pathway Characterization of

Proteins. Gene ontology (GO) analysis of biological pro-
cesses and molecular functions was performed for the signif-
icantly altered proteins in kidney, liver, and colon tissues
using the DAVID (version 6.8) bioinformatics tool. For all
three tissues, themajority of proteins were involved in a wide
range of metabolic pathways significantly altered in the
Mct62 /2 mice compared with the Mct61 /1 mice (P , 0.05).
Considering metabolism was the most abundant and rele-
vant biological pathway associated with the significantly
altered proteins in each tissue, all metabolic biological
pathways were compared across all tissues. For tissues such
as kidney and colon, GO biological pathway analysis revealed
that a majority of the proteins significantly altered between

Fig. 3. Comparative proteomics scheme used for
the kidney, liver, and colon tissue analyses in
Mct61/1 and Mct62/2 male mice. An exhaustive ion
current–based LC-MS/MS quantificationwas used for
each tissue for each group (N 5 5 to 6 biological
replicates). DAVID and IPA were used as in silico
tools to functionally annotate the significant proteins
[figure adapted from Ma et al. (2017)].

Fig. 4. A summary of the significantly altered proteins in Mct62/2 male
mice compared with Mct61/1 male mice ($1.3-fold change, P , 0.05).
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the Mct61/1 and Mct62/2 mice were associated with meta-
bolic processes [66.7% (P 5 0.047) and 60.8% (P 5 0.038),
respectively, for kidney and colon]. While this GO term was
not significant in the liver (possibly due to minimal signifi-
cant differences in protein expressions in this tissue), the
most significantly altered GO biological pathway for this
sample, as well as the most abundant, was cellular lipid
metabolic processes (15.8%, P5 0.027). With regard to cellu-
lar localization, across all three organs, GO analysis revealed
that the most significant and abundant localizations of the
altered proteins were in membrane-bounded organelles
(kidney: 88.2%, P 5 3.5 � 1026; liver: 76.3%, P 5 4.4 � 1023;
colon: 80.0%, P 5 1.8 � 10214).
Proteomic Canonical Pathway Analysis and Net-

work Association in Organs. Using the Ingenuity Knowl-
edge Base in IPA, the top five canonical pathways were
identified using our significantly altered protein data sets for
each tissue (Table 4). Pathway information was gathered
through Ingenuity Target Explorer (https://targetexplorer.
ingenuity.com). For the kidney, the top five pathways iden-
tified were majorly involved in immunomodulatory effects
such as NF-kB activation, as well as regulation of immune
response via a variety of signaling networks. For the liver,

the most significant pathway was involved in cell-to-cell
adhesion; however, a variety ofmetabolic pathwayswere also
significantly associated with our data set. Interestingly,
a-tocopherol degradation, a process involved in metabolizing
plant-based vitamin E antioxidants via breakdown pathways
such as dehydrogenation and b-oxidation pathways, was the
second most significant pathway associated with our hepatic
proteomic data set. Glucose, lipid, and sterol metabolic and
biosynthetic pathways were also significantly associated
with our differential expression data.
Of the three tissues analyzed in this study, the colon

appeared to exhibit the most significantly changed proteins
in the Mct62/2 mice compared with the Mct61/1 mice [colon
(241). kidney (51). liver (38)]. This is an interesting finding
considering that intestinal tissue has been one of the primary
tissues studied for MCT isoform expression due to its impor-
tance in drug absorption and fatty acid transport (Gill et al.,
2005; Iwanaga et al., 2006; Kirat and Kato, 2006; Kirat et al.,
2006a,b, 2007;Welter and Claus, 2008; Kohyama et al., 2013;
Kirat and Miyasho, 2015). In addition, it is important to note
that in our study the colon had the greatest WT gene expres-
sion relative to the other tissues analyzed. The most signif-
icant canonical pathway associated with our differential

TABLE 1
Top 20 significantly up- or downregulated proteins in Mct62/2 and Mct61/1 mice in kidney

Rank Protein Accession Symbol Protein Name Ratio (KO/WT) Padj value
a

Upregulated
1 Q8K358 Pigu Phosphatidylinositol glycan anchor biosynthesis class U 6.30 0.0073
2 P11835 Itgb2 Integrin beta-2 2.48 0.0299
3 Q64437 Adh7 Alcohol dehydrogenase class 4 mu/sigma chain 2.31 0.0422
4 F8VQB6 Myo10 Unconventional myosin-X 1.98 0.0020
5 Q8CG71 P3h2 Prolyl 3-hydroxylase 2 1.89 0.0211
6 Q7TQK1 Ints7 Integrator complex subunit 7 1.81 0.0243
7 P14483 H2-Ab1 H-2 class II histocompatibility antigen, A beta chain 1.71 0.0368
8 Q9JI99 Sgpp1 Sphingosine-1-phosphate phosphatase 1 1.69 0.0388
9 Q9DC63 Fbxo3 F-box only protein 3 1.61 0.0272
10 Q60680 Chuk Inhibitor of nuclear factor kappa-B kinase subunit alpha 1.60 0.0458
11 Q99JR5 Tinagl1 Tubulointerstitial nephritis antigen-like 1.56 0.0427
12 Q9JK23 Psmg1 Proteasome assembly chaperone 1 1.52 0.0273
13 Q64345 Ifit3 Interferon-induced protein with tetratricopeptide repeats 3 1.50 0.0225
14 P17183 Eno2 Gamma-enolase 1.49 0.0187
15 Q9ERV1 Mkrn2 Probable E3 ubiquitin-protein ligase makorin-2 1.48 0.0158
16 O08739 Ampd3 AMP deaminase 3 1.46 0.0153
17 Q7TMV3 Fastkd5 FAST kinase domain-containing protein 5, mitochondrial 1.43 0.0224
18 Q99K41 Emilin1 EMILIN-1 1.42 0.0373
19 Q6PF93 Pik3c3 Phosphatidylinositol 3-kinase catalytic subunit type 3 1.41 0.0131
20 Q6P4S8 Ints1 Integrator complex subunit 1 1.41 0.0242

Downregulated
1 Q9D1C3 Pyurf Protein preY, mitochondrial 0.06 0.0033
2 Q9D7G0 Prps1 Ribose-phosphate pyrophosphokinase 1 0.48 0.0492
3 Q8R3L5 Slco3a1 Solute carrier organic anion transporter family member 3A1 0.54 0.0051
4 Q810D6 Grwd1 Glutamate-rich WD repeat-containing protein 1 0.55 0.0475
5 Q8C0L6 Paox Peroxisomal N(1)-acetyl-spermine/spermidine oxidase 0.60 0.0219
6 P60904 Dnajc5 DnaJ homolog subfamily C member 5 0.61 0.0082
7 Q922P9 Glyr1 Putative oxidoreductase 0.63 0.0224
8 P62482 Kcnab2 Voltage-gated potassium channel subunit beta-2 0.63 0.0163
9 Q99P87 Retn Resistin 0.63 0.0011
10 Q80UP3 Dgkz Diacylglycerol kinase zeta 0.63 0.0415
11 Q9CQE7 Ergic3 Endoplasmic reticulum-Golgi intermediate compartment protein 3 0.64 0.0367
12 Q7TT37 Ikbkap Elongator complex protein 1 0.67 0.0326
13 Q9Z120 Mettl1 tRNA (guanine-N(7)-)-methyltransferase 0.68 0.0404
14 Q8R429 Atp2a1 Sarcoplasmic/endoplasmic reticulum calcium ATPase 1 0.69 0.0253
15 Q5SF07 Igf2bp2 Insulin-like growth factor 2 mRNA-binding protein 2 0.70 0.0236
16 O35226 Psmd4 26S proteasome non-ATPase regulatory subunit 4 0.71 0.0023
17 Q9Z2C5 Mtm1 Myotubularin 0.74 0.0291
18 Q6NZB0 Dnajc8 DnaJ homolog subfamily C member 8 0.75 0.0234
19 O70496 Clcn7 H(1)/Cl(2) exchange transporter 7 0.76 0.0258
20 O35609 Scamp3 Secretory carrier-associated membrane protein 3 0.77 0.0248

tRNA, transfer RNA.
aP values were calculated using a Student’s t test adjusted using the Benjamini-Hochberg false discovery rate method.
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colon proteomic data set was clathrin-mediated endocytosis
signaling (P 5 7.49 � 1024), a prominent pathway in the in-
testine for the absorption of nutrients, hormones, and a wide
variety of other signaling molecules from the extracellular
space. Interestingly, triacylglycerol biosynthesis was also
significantly associated with the colon proteomic data set
(P5 1.61� 1022), amajor pathway involved in the regulation of
hormone and lipid homeostasis, as well as energy metabolism.
Hepatic Transcriptomic Profiling in Mct62/2 and

Mct61/1 Mice. Genes were considered significantly differ-
entially expressed between the two groups of mice if there
was a $1.5-fold change and P , 0.05. In total, 14,117 genes
were detected in this assay, with 109 genes significantly
upregulated and 90 genes significantly downregulated (a total
of 199 significantly differentially expressed genes) (Supple-
mental Figs. 1 and 2 show the top 50 up- and downregulated
genes, respectively). For all six samples, there were 46–50
million mapped reads, which accounted for 94%–96% of the
input reads. A summary of the percentage of tags assigned to
the main genomic features is given in Fig. 5A. Figure 5B
shows the top 15 up- and downregulated significant genes in
the Mct62/2 mice compared with the Mct61/1 mice, the most
differentially expressed being Slc16a5 encoding for Mct6
(log2 fold change: 26.96, P 5 2.37 � 10210). Of the top 15
downregulated genes by abundance, the top three most sig-
nificant geneswereTnfsf8 (log2 fold change:24.60,P5 0.0113),

Acod1 (log2 fold change: 22.21, P 5 2.90 � 1023), and Marco
(log2 fold change:21.76, P5 1.67 � 1023). Tnfsf8 encodes for
the CD30 ligand in immune cells, and may regulate and be
regulated by lipid levels in atherosclerosis (Foks et al., 2012;
Getz and Reardon, 2014). Also, Acod1 encodes for aconitate
decarboxylase 1 and generates itaconate, a compound shown
to play a role in antimicrobial activity of immune cells and
indirect moderation of the tricarboxylate acid cycle (Luan
and Medzhitov, 2016). Finally, Marco encodes for a macro-
phage scavenger receptor that has been shown to be induced
in nonalcoholic steatohepatitis, suggesting its role in high-fat
diet–induced hepatic pathogenesis (Yoshimatsu et al., 2004).
The downregulation of these genes suggests that Mct62/2

may exhibit some immunosuppressive effects.
The most upregulated gene was Acta1 (log2 fold change:

3.75, P 5 0.0487), a gene that encodes a-actin, a key deter-
minant of cellular contraction. However, there was large
variability surrounding this gene among samples. Themost sig-
nificant upregulated gene, in our top 15 upregulated data
set by abundance, was Nr4a3 (log2 fold change: 2.56, P 5
1.51 � 1026) (Fig. 5B), which encodes for nuclear receptor
4a3. Increased expression ofNr4a3 is correlated with glucose
utilization, and Nr4a3 is important in metabolic pathways
and different dieting states (Safe et al., 2016). The second
most significantly upregulated gene was Atf3 (log2 fold change:
1.86, P5 1.11� 1025), encoding for a member of the activating

TABLE 2
Top 20 significantly up- or downregulated proteins in Mct62/2 and Mct61/1 mice in liver

Rank Protein Accession Symbol Protein Name Ratio (KO/WT) Padj value
a

Upregulated
1 Q9D4H1 Exoc2 Exocyst complex component 2 3.66 0.0095
2 Q8K2L8 Trappc12 Trafficking protein particle complex subunit 12 2.62 0.0030
3 P97426 Ear1 Eosinophil cationic protein 1 2.11 0.0420
4 Q91ZP3 Lpin1 Phosphatidate phosphatase 1.90 0.0104
5 A2AQ25 Skt Sickle tail protein 1.89 0.0060
6 Q4VA53 Pds5b Sister chromatid cohesion protein PDS5 homolog B 1.75 0.0420
7 Q4U2R1 Herc2 E3 ubiquitin-protein ligase 1.67 0.0247
8 Q9D0K1 Pex13 Peroxisomal membrane protein 1.67 0.0041
9 Q69Z37 Samd9l Sterile alpha motif domain-containing protein 9-like 1.62 0.0152
10 O35943 Fxn Frataxin, mitochondrial 1.40 0.0043
11 P16045 Lgals1 Galectin-1 1.39 0.0369
12 P68373 Tuba1c Tubulin alpha-1C chain 1.35 0.0066
13 Q9D7X8 Ggct Gamma-glutamylcyclotransferase 1.34 0.0165
14 Q9R062 Gyg1 Glycogenin-1 1.32 0.0336
15 Q80XI3 Eif4g3 Eukaryotic translation initiation factor 4 gamma 3 1.31 0.0464
16 Q3URF8 Kctd21 BTB/POZ domain-containing protein KCTD21 1.30 0.0459

Downregulated
1 Q5SX79 Shroom1 Protein Shroom1 0.50 0.0141
2 Q9QUM0 Itga2b Integrin alpha-Iib 0.58 0.0146
3 Q9Z0H1 Wdr46 WD repeat-containing protein 46 0.62 0.0270
4 Q8BXB6 Slco2b1 Solute carrier organic anion transporter family member 2B1 0.62 0.0005
5 Q9DBA9 Gtf2h1 General transcription factor IIH subunit 1 0.63 0.0340
6 Q61136 Prpf4b Serine/threonine-protein kinase PRP4 homolog 0.65 0.0342
7 A2CG49 Kalrn Kalirin 0.65 0.0212
8 Q9CWN7 Cnot11 CCR4-NOT transcription complex subunit 11 0.65 0.0169
9 Q8K558 Treml1 Trem-like transcript 1 protein 0.67 0.0400
10 O88833 Cyp4a10 Cytochrome P450 4A10 0.68 0.0021
11 P62254 Ube2g1 Ubiquitin-conjugating enzyme E2 G1 0.68 0.0064
12 Q6XVG2 Cyp2c54 Cytochrome P450 2C54 0.69 0.0296
13 Q99JF5 Mvd Diphosphomevalonate decarboxylase 0.69 0.0216
14 Q3UHJ0 Aak1 AP2-associated protein kinase 1 0.71 0.0475
15 Q8K124 Plekho2 Pleckstrin homology domain-containing family O member 2 0.72 0.0293
16 Q3UUQ7 Pgap1 GPI inositol-deacylase 0.73 0.0017
17 Q920I9 Wdr7 WD repeat-containing protein 7 0.74 0.0179
18 P58735 Slc26a1 Sulfate anion transporter 1 0.74 0.0460
19 Q91V08 Clec2d C-type lectin domain family 2 member D 0.74 0.0282
20 Q9CQT9 Uncharacterized protein C20orf24 homolog 0.74 0.0143

aP values were calculated using a Student’s t test adjusted using the Benjamini-Hochberg false discovery rate method.
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transcription factor/cAMP-responsive element-binding pro-
tein family of transcription factors. When Atf3 is stress induced
in the liver, it can cause defects in glucose homeostasis by
downregulating gluconeogenesis (Allen-Jennings et al., 2002).
The thirdmost significantly (byP value) downregulated gene in
the top 15wasSlc15a2 (log2 fold change: 1.65,P5 2.18� 1024),
which encodes for Pept2, a proton-dependent peptide trans-
porter most commonly known for its importance in kidney
amino acid availability (Rubio-Aliaga et al., 2003). The rele-
vance of downregulation of this transporter in Mct62 /2

mouse phenotypes is unknown.
Bioinformatics and Pathway Characterization of

Genes in Liver. GO analyses of biological processes and
molecular functions were characterized for the significantly
altered differential gene data set in livers of Mct61/1 and
Mct62/2 mice. Similar to the proteomic data sets, DAVID
was used to perform a GO analysis of all biological processes
and functions involved in the liver differential transcrip-
tomic data set. As with the other analyses, a large number of
genes that were significantly differentially expressed be-
tween the two groups were associated with a variety of met-
abolic pathways. As in the liver proteomic data, the most
significantly altered GO biologic pathway for this tissue was

lipid metabolic processes (22.1%, P 5 2.84 � 10210). With
regard to cellular localization, across all three tissues GO
analysis revealed that the most significant localization of the
proteins encoded by the differentially expressed genes were
inperoxisomes (5.2%,P5 3.3� 1024). Considering peroxisomes
are a major site of fatty acid b-oxidation and lipid metab-
olism, this result was not surprising based on our previous
results exhibiting changes in lipid metabolism biological
pathways.
Transcriptomic Canonical Pathway Analysis and

Network Association in Liver. Similar to the proteomic
data analyses, IPA was used to identify the top five canonical
pathways using the significantly differentially expressed
genes in the liver (Table 5). The top five pathways identified
were primarily involved in cholesterol biosynthesis, such as
the superpathway of cholesterol biosynthesis, as well as up-
stream regulatory pathways involved in cholesterol, terpene/
terpenoid, and sterol synthesis. In addition, the majority of the
pathways identified were predicted to be activated in our
analysis. Interestingly, mevalonate pathway I was both one of
the top five canonical pathways in the proteomic data set as
well as the transcriptomic data set. As in the proteomic data,
the canonical pathways involved in sterol metabolic and

TABLE 3
Top 20 significantly up- or downregulated proteins in Mct62/2 and Mct61/1 mice in colon

Rank Protein Accession Symbol Protein Name Ratio (KO/WT) Padj value
a

Upregulated
1 P27005 S100a8 Protein S100-A8 3.22 0.0252
2 Q9D1H8 Mrpl53 39S ribosomal protein L53, mitochondrial 2.66 0.0162
3 Q80X41 Vrk1 Serine/threonine-protein kinase VRK1 2.43 0.0086
4 Q80WC3 Tnrc18 Trinucleotide repeat-containing gene 18 protein 2.25 0.0002
5 Q9JHZ2 Ankh Progressive ankylosis protein 2.17 0.0179
6 Q7TQ62 Podn Podocan 1.91 0.0426
7 E9PZQ0 Ryr1 Ryanodine receptor 1 1.91 0.0012
8 Q9QXE7 Tbl1x F-box-like/WD repeat-containing protein 1.84 0.0330
9 Q8BN21 Vrk2 Serine/threonine-protein kinase 1.83 0.0314
10 Q61247 Serpinf2 Alpha-2-antiplasmin 1.83 0.0129
11 Q62432 Smad2 Mothers against decapentaplegic homolog 2 1.79 0.0408
12 Q3V384 Afg1l AFG1-like ATPase 1.79 0.0041
13 Q9DCZ1 Gmpr GMP reductase 1 1.79 0.0016
14 Q9CZV8 Fbxl20 F-box/LRR-repeat protein 20 1.74 0.0009
15 Q8BFQ8 Gatd1 Glutamine amidotransferase-like class 1 domain-containing protein 1 1.71 0.0067
16 Q8BFR4 Gns N-acetylglucosamine-6-sulfatase 1.68 0.0100
17 Q3TFD2 Lpcat1 Lysophosphatidylcholine acyltransferase 1 1.67 0.0291
18 Q61555 Fbn2 Fibrillin-2 1.64 0.0384
19 Q6P5C5 Smug1 Single-strand selective monofunctional uracil DNA glycosylase 1.60 0.0028
20 P06684 C5 Complement C5 1.58 0.0221

Downregulated
1 P02802 Mt1 Metallothionein-1 0.15 0.0096
2 P28667 Marcksl1 MARCKS-related protein 0.15 0.0022
3 Q9CQG0 Tmed6 Transmembrane emp24 domain-containing protein 6 0.21 0.0411
4 Q3TBD2 Arhgap45 Rho GTPase-activating protein 45 0.24 0.0441
5 P02798 Mt2 Metallothionein-2 0.33 0.0144
6 Q8VE97 Srsf4 Serine/arginine-rich splicing factor 4 0.39 0.0078
7 Q9WV02 Rbmx RNA-binding motif protein, X chromosome 0.40 0.0140
8 Q5DTM8 Rnf20 E3 ubiquitin-protein ligase BRE1A 0.40 0.0025
9 P52927 Hmga2 High mobility group protein HMGI-C 0.41 0.0338
10 Q80XU3 Nucks1 Nuclear ubiquitous casein and cyclin-dependent kinase substrate 1 0.41 0.0036
11 P40240 Cd9 CD9 antigen 0.43 0.0183
12 Q71RI9 Kyat3 Kynurenine-oxoglutarate transaminase 3 0.47 0.0003
13 Q61189 Clns1a Methylosome subunit pICln 0.47 0.0002
14 Q69Z69 Esco1 N-acetyltransferase 0.48 0.0037
15 Q8CH36 Slc36a4 Proton-coupled amino acid transporter 0.48 0.0029
16 Q7TT18 Atf7ip Activating transcription factor 7-interacting protein 1 0.51 0.0235
17 P98078 Dab2 Disabled homolog 2 0.51 0.0013
18 Q11127 Fut4 Alpha-(1,3)-fucosyltransferase 4 0.52 0.0018
19 Q9CQ49 Ncbp2 Nuclear cap-binding protein subunit 2 0.52 0.0015
20 Q80YS6 Afap1 Actin filament-associated protein 1 0.53 0.0209

aP values were calculated using a Student’s t test adjusted using the Benjamini-Hochberg false discovery rate method.
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biosynthetic pathways were also shown in our transcriptomic
analysis. However, due to the richer transcriptomic data set com-
pared with our liver proteomic data set, we were able to predict
whether thesepathwayswere significantly activated or inhibited.
Additionally, using IPA, the principal network generated

using the differential data set was lipid metabolism, small
molecule biochemistry, and vitamin andmineral metabolism
(Fig. 6). It is evident from the network that there is a wide
range of interconnected genes involved in the regulation of
lipid metabolism. In particular, Ppara is a key transcrip-
tional regulator in this network and contributes to a majority
of the mechanisms involved in hepatic lipid homeostasis.
Triglyceride Assay in Mct61/1 and Mct62/2 Mice. Due

to preliminary evidence of Mct6’s role in lipid metabolism,
plasma TGs were compared between the two groups of mice
fed ad libitum to investigate if there were significant differ-
ences in overall TG exposure. Mct62/2 mice revealed a sig-
nificant increase (P 5 0.017) in plasma TGs (80.2 mg/dl) in
comparison with the Mct61/1 mice (46.8 mg/dl), which repre-
sents a 1.7-fold overall increase in plasma TGs (Fig. 7).

Discussion
This study represents the first in vivo evidence of the

endogenous function of Mct6, obtained through the utiliza-
tion of multitissue LC/MS comparative proteomic analyses
and liver transcriptomics in a novel CRISPR/Cas9 Mct6 KO
mouse model.
Development and Characterization of the Mct62/2

Mouse Model. To further investigate and characterize the
functional role of MCT6 in vivo, our laboratory developed the
first Mct62/2 mouse model with the utilization of CRISPR/
Cas9 (Ran et al., 2013). We suspect that the residual
,10% Slc16a5 gene expression seen in our mRNA data is
due to truncated and functionally inactive mRNA variants
only containing exons 3 and 4. The WT gene expression
data from this study largely agree with what is reported
via Expression Atlas (G5E8K6) for Slc16a5 expression in
mice. The measures of liver/kidney function suggest that
Mct6 deficiency does not impact the overall health using
the biomarkers tested for in this study.

Interestingly, the increase in plasma TG exposure in
Mct62/2 mice suggests that Mct6 may have some regulatory
role in lipid metabolism. These include the possible roles of
Mct6 in the elimination of TGs or inhibition of its synthesis
via direct or indirect mechanisms, which could result in
higher TG concentrations in Mct6 KO mice. Future studies
are needed to elucidate a plausible mechanism surrounding
its involvement in TG homeostasis.
Comparative Proteomics and Transcriptomics of

Mct61/1 and Mct62/2 Mice. The majority of the signifi-
cantly altered proteins were downregulated in the Mct62/2

mice in the colon and liver, but upregulated in the kidney.
The lack of significant upregulation/downregulation of other
MCT isoforms in these three tissues also suggests that Mct6
plays a unique role in a biological pathway that is not signif-
icantly compensated for by other MCTs. Interestingly, the
number of significantly altered proteins in each tissue also
correlates well with the relative gene expression of Mct6 in
that tissue. From the RNA-seq analysis, it was expected that
themost downregulated gene in ourMct62/2micewasSlc16a5,
which further validated the inactivation of Mct6 gene ex-
pression. Many of the most significantly altered genes in the
Mct62/2 mice, by magnitude and P value, were shown to be
involved in regulating lipid and glucose levels, as well as lipid
signaling pathways. This finding supports the previous hy-
pothesis by Zhang et al. (2011), who proposed that Slc16a5
may play a role in pathways such as glucose and lipid
metabolism.
In addition, a drawback of the analyses performed in this

study is the incomplete validation of the proteomic and
transcriptomic data using additional assays. Our laboratory
initially investigated Mct6 protein expression through com-
mercially available antibodies; however, this was unsuccess-
ful mostly due to reasons involving the presence of multiple
bands and lack of reliability of antibody-based detection
methods. Attempts are currently ongoing to assess the met-
abolic and regulatory consequences that Mct62/2 mice have
on glucose/lipid metabolism and to determine whether the
magnitude of these changes has a meaningful impact on
downstream biomarkers. However, recently Xu et al. (2019)
have provided evidence for MCT6’s role in glucose and lipid

TABLE 4
Top five canonical pathways significantly enriched with the differential protein expression data between
the Mct62/2 and Mct61/1 mice

Name P valuea

Kidney
NF-B activation by viruses 7.76 � 1023

Lymphotoxin receptor signaling 8.13 � 1023

Angiopoietin signaling 1.02 � 1022

CD40 signaling 2.42 � 1022

Role of NFAT in regulation of the immune response 2.42 � 1022

Liver
Remodeling of epithelial adherens junctions 7.76 � 1023

a-tocopherol degradation 8.13 � 1023

Glycogen biosynthesis II (from UDP-D-glucose) 1.02 � 1022

Mevalonate pathway I 2.42 � 1022

Pregnenolone biosynthesis 2.42 � 1022

Colon
Clathrin-mediated endocytosis signaling 7.49 � 1024

Glioma invasiveness signaling 1.06 � 1022

EIF2 signaling 1.49 � 1022

Triacylglycerol biosynthesis 1.61 � 1022

Regulation of actin-based motility by rho 1.97 � 1022

aP values were calculated using a Fisher’s exact test.
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metabolism using a rat model for diabetes. The study dem-
onstrated that intestinal MCT6 function and expression
were impaired in diabetic rats induced by combination of
high-fat diet and low doses of streptozocin. Although this
study was performed in rats, it provides a supporting exam-
ple that MCT6 plays a major role in these pathways and
warrants further investigation.
Bioinformatics Analysis on Kidney Proteomic Data.

Investigation into the significantly differentially expressed
proteins in the kidney of Mct62/2 mice revealed a wide range

of metabolic processes, including lipid metabolism and net-
work functions associated with cellular function and main-
tenance. IPA revealed that the top canonical pathways
associated with the kidney data set were immunomodulatory
pathways. Considering that changes in the lipid metabolism
have been demonstrated to play a role in modulating the im-
mune system (de Pablo and Alvarez de Cienfuegos, 2000; Wu
et al., 2018), perturbation in the renal secretion or reabsorp-
tion of dietary fatty acids via deactivation of Mct6 may be
responsible for affecting these immunomodulatory events.

TABLE 5
Top five canonical pathways significantly enhanced, based on the differential transcriptomic data between the Mct62/2 and Mct61/1 mice

Name P Valuea Z Score Molecule

Superpathway of cholesterol biosynthesisb 3.72 � 1028 2.65 Pmvk, Sqle, Idi1, Fdps, Hmgcr, Cyp51a1, Mvd
Superpathway of geranylgeranyldiphosphateb 1.22 � 1026 2.24 Pmvk, Idi1, Fdps, Hmgcr, Mvd
Biosynthesis I (via mevalonate) mevalonate pathway Ib 9.55 � 1026 2 Pmvk, Idi1, Hmgcr, Mvd
Trans, trans-farnesyl diphosphate biosynthesis 5.37 � 1024 NaNc Idi1, Fdps
LPS/IL-1 mediated inhibition of RXR functionb 8.91 � 1024 2 Aldh3a2, Il1b, Cyp4a11, Cyp3a5, Pppara, Gstp1, Fabp2, Sult1c2

aP values were calculated using a Fisher’s exact test.
bPathway is predicted to be statistically significantly increased (Z $ 2).
cNaN, not a number.

Fig. 5. (A) Percentage of reads and tag distribution for each genomic feature for each sample [Mct61/1 andMct62/2 biological replicates (1)–(3)]. (B) The
top 15 significantly upregulated (red) and downregulated (green) genes (P, 0.05) in Mct62/2 male mice compared with Mct61/1 male mice. The dashed
lined represents the cutoff [fold change (F.C.) $ 1.5].
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Included in one such group of immunomodulatory signaling
molecules are the prostaglandins, large chain fatty acids of
the eicosanoid family synthesized from dietary fat and re-
sponsible for a wide range of biochemical events including
regulation of the immune system (Harris et al., 2002; Ricciotti
and FitzGerald, 2011).Moreover, considering there is evidence
that prostaglandin F2a is a substrate for MCT6 (Murakami
et al., 2005), this transporter may play a role in regulating the
immune system through this pathway; however, further mech-
anistic studies are needed to confirm this hypothesis.
Bioinformatics Analysis on Liver Proteomic Data.

The top three significant GO biological pathways from our
liver proteomic data were cellular lipid metabolism, mito-
chondrion organization, and fatty acid metabolism; these

findings are supported by transcriptomic data suggesting
thatMct6 is involved in lipidmetabolism (Zhang et al., 2011).
In addition, IPA bioinformatics analysis revealed that the
top associated network functions included energy production
and lipid metabolism. As previously mentioned, one of the
top canonical pathways included a-tocopherol degradation,
which involves the breakdown of plant-based vitamin E anti-
oxidants responsible for terminating free radical–induced lipid
peroxidation (van Acker et al., 2000; Singal et al., 2011).
Additionally, glycogen biosynthesis from UDP-D-glucose

also surfaced as a significant canonical pathway associated
with our altered protein data set. Like lipids, glycogen is a
major storage form of energy, strictly regulated by hormones
and nutritional status (Lu et al., 2014). The crosstalk

Fig. 6. Subcellular network depiction of themost significant putative biological process in theMct62/2male mice compared with theMct61/1male mice:
lipid metabolism, small molecule biochemistry, and vitamin and mineral metabolism. Genes upregulated or downregulated in Mct62/2 mice are
represented in red or green, respectively (ACACB, acetyl-CoA carboxylase 2; ACLY, ATP-citrate synthase; ACOT1, acyl-coenzyme A thioesterase 1;
ACOT2, acyl-coenzyme A thioesterase 2; ACSS2, acetyl-coenzyme A synthetase; ADRB, adrenergic receptor beta; ALDH3A2, fatty aldehyde
dehydrogenase 3A2; BCL3, B-cell lymphoma 3 protein homolog; CCNA2, cyclin-A2; CYP4A11, cytochrome P450 4A11; CYP51A1, cytochrome P450
4A11; FABP2, fatty acid-binding protein 2; FDPS, farnesyl pyrophosphate synthase; FKBP5, peptidyl-prolyl cis-trans isomerase FKBP5; FOSB, protein
fosB; HMGCR, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; IDI1, isopentenyl-diphosphate delta-isomerase 1; IL1B, interleukin-1 beta; MARCO,
macrophage receptor MARCO; MVD, diphosphomevalonate decarboxylase; Nr1h, nuclear receptor 1h; ONECUT1, hepatocyte nuclear factor; PMVK,
phosphomevalonate kinase; PPARA, peroxisome proliferator-activated receptor alpha; PTK6, protein-tyrosine kinase 6; RETSAT, all-trans-retinol
13,14-reductase; SQLE, squalene epoxidase; THRSP, thyroid hormone-inducible hepatic protein; TOP2A, DNA topoisomerase 2-alpha; TXNIP,
thioredoxin-interacting protein; UBD, ubiquitin D; VNN1, vanin 1). Solid lines represent direct interactions and dashed lines represent indirect
interactions. The network was constructed using IPA (QIAGEN).
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of lipogenesis and glycogenesis is largely responsible for
moderating energy storage and regulating ATP production.
Additional significantly altered metabolic pathways include
the mevalonate pathway and pregnenolone biosynthesis,
both representing precursors necessary for steroid hormone
biosynthesis and regulatory pathways in lipid homeostasis.
Overall, it is evident from our limited dataset for the liver
that there are significant alterations in the hepatic proteome
of Mct62/2 mice associated with diet-associated lipid and
potentially glucose metabolism, which agree with previous
transcriptomic reports (Lu et al., 2011; Zhang et al., 2011).
Bioinformatics Analysis on Colon Proteomic Data.

Bioinformatics analysis performed on the differential colon
proteomic data from the Mct61/1 and Mct62/2 mice (which
were the most abundant in all three tissues analyzed: 241
significantly altered proteins), was consistent with the kid-
ney and liver data, which revealed that the pathways
containing the most abundant proteins were largely meta-
bolic. The clathrin-mediated endocytosis-signaling pathway,
which was characterized as the most significant pathway in
our colon data set, is largely responsible for the absorption of
a wide range of dietary molecules. In particular, it has also
been implicated as a major process of lipid raft-mediated
absorption of low-density lipoproteins, which include trigly-
cerides, lipids, and cholesterol. This process if tightly regu-
lated via lipid composition and microdomain organization of
the plasma membrane, which is highly dependent on a vari-
ety of functional lipid metabolic pathways (Harayama and
Riezman, 2018).
Additionally, a large number of proteins involved in the TG

biosynthesis pathway were differentially expressed between
the two groups of mice. Changes in this pathway in the
Mct62/2 mice would most likely cause changes in tissue or
systemic TG concentrations, depending on the magnitude of
change. This hypothesis is supported by our finding of signif-
icantly altered plasma TG concentrations. In intestinal tis-
sue, TGs are synthesized and packaged to supply nutrients to
peripheral tissues that can impact a wide variety of meta-
bolic pathways (Yen et al., 2015). Perturbation of this
pathway can have a direct effect on regulation of hormones,
as well as lipid metabolism and overall systemic energy
balance.
Bioinformatics Analysis on Liver Transcriptomic

Data. The most significant pathway enriched and predicted to
be activated was the superpathway of cholesterol biosynthesis,

which included upregulation of Pmvk, Sqle, Idi1, Fdps,
Hmgcr, Cyp51a1, and Mvd. Specifically, Hmgcr encodes for
the protein HMG-CoA reductase, a rate-limiting step in cho-
lesterol biosynthesis, which has been shown to be activated
in the liver during a high-fat diet (Wu et al., 2013). The
mevalonate pathway overlaps the activity of this enzyme, by
whichmevalonate is synthesized fromHMG-CoA to generate
isoprenoids, including cholesterol, steroid hormones, and
other lipid molecules.
This pathway analysis is supported by the large number of

significant genes associated with lipid metabolism that are
altered in our analysis. The genome-wide association study
in the Genetics of Lipid Lowering Drugs and Diet Network
(n 5 872) identified a variant (rs12949451) in a predicted
enhancer/promoter region of SLC16A5 in humans that was
associated with triglyceride response to a high-fat meal
(Wojczynski et al., 2015). Further mechanistic studies are
needed to verify the impact of this variant on SLC16A5 ac-
tivity and its relation to lipid metabolism.
Conclusions and Future Directions. For the first time,

using a multiomics approach and a novel KO mouse model,
our investigation revealed evidence that MCT6 may play
a role in glucose/lipid metabolism. However, further inves-
tigations are needed to assess potential changes following
different diets, such as high-fat diets, which may reveal sig-
nificant differences in glucose and lipid metabolic markers.
These data, along with additional validation experiments
such as a comprehensive metabolomic analysis, will provide
additional support for these potential changes seen in these
pathways. Further exploration is needed to provide evidence
for a specific role of Mct6 within these pathways, and for the
investigation of MCT6 as a potential therapeutic target in
disease.
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Supplemental Figure 1. Heat map showing the top 50 significantly upregulated genes expressed in Mct6-

/- mice compared to Mct6+/+ mice in the liver. (Slc16a5 KO: Mct6-/-, WT: Mct6+/+). Values represent the 

log2(F.C.) differential gene expression between Mct6-/- and Mct6+/+ mice. 
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Supplemental Figure 2. Heat map showing the top 50 significantly downregulated genes expressed in 

Mct6-/- mice compared to Mct6+/+ mice in the liver. (Slc16a5 KO: Mct6-/-, WT: Mct6+/+). Values represent 

the log2(F.C.) differential gene expression between Mct6-/- and Mct6+/+ mice. 


