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Asparaginase is an amino acid– depleting agent used to treat
blood cancers. Metabolic complications due to asparaginase
affect liver function in humans. To examine how the liver
response to asparaginase changes during maturity to adulthood,
here we treated juvenile (2-week), young adult (8-week), and
mature adult (16-week) mice with drug or excipient for 1 week
and conducted RNA-Seq and functional analyses. Asparaginase
reduced body growth and liver mass in juveniles but not in the
adult animals. Unbiased exploration of the effect of asparagi-
nase on the liver transcriptome revealed that the integrated
stress response (ISR) was the only molecular signature shared
across the ages, corroborating similar eukaryotic initiation
factor 2 phosphorylation responses to asparaginase at all
ages. Juvenile livers exhibited steatosis and iron accumula-
tion following asparaginase exposure along with a hepatic
gene signature indicating that asparaginase uniquely affects
lipid, cholesterol, and iron metabolism in juvenile mice. In
contrast, asparaginase-treated adult mice displayed greater
variability in liver function, which correlated with an acute-
phase inflammatory response gene signature. Asparaginase-
exposed adults also had a serine/glycine/one-carbon metab-
olism gene signature in liver that corresponded with reduced
circulating glycine and serine levels. These results establish
the ISR as a conserved response to asparaginase-mediated
amino acid deprivation and provide new insights into the
relationship between the liver transcriptome and hepatic
function upon asparaginase exposure.

Asparaginase is a drug used in the treatment of acute lym-
phoblastic leukemia in humans and various lymphoid malig-

nancies in dogs and cats. It kills tumor cells via extracellular
depletion of the amino acids glutamine and asparagine.
Adverse metabolic events including hepatotoxicity compro-
mise treatment success of asparaginase-based chemotherapy
regimens in humans (1). Our previous efforts to understand the
molecular events induced by asparaginase in livers of cancer-
free mice (2, 3) show that in nongrowing adults, asparaginase
triggers phosphorylation of eukaryotic translation initiation
factor 2 (eIF2)2 by the eIF2 kinases general control nondere-
pressible 2 (GCN2) and protein kinase R–like endoplasmic
reticulum kinase (PERK) (2, 4 – 6). The phosphorylation of eIF2
slows down global protein synthesis and promotes translation
of select mRNAs, including the basic leucine transcription fac-
tor, activating transcription factor 4 (ATF4). This cytoprotec-
tive signal cascade, coined the integrated stress response (ISR),
results in changes in expression levels of ATF4 target genes to
regain homeostasis and adapt to cellular stress (7, 8). Genetic
disruption of the GCN2-eIF2-ATF4 axis predisposes to adverse
complications such as hepatic dysfunction, immunosuppres-
sion, and pancreatitis (3, 9, 10). Pre-existing obesity activates
PERK upon asparaginase exposure and when in combination
with Gcn2 deletion aggravates asparaginase-associated liver
dysfunction (6).

In the current study, we sought to understand age-associated
liver responses to asparaginase. We hypothesized, based on a
published report showing a decline in total eIF2 protein with
age (11), that ISR activation would differ according to age.
Comparative analysis of livers from mice treated with asparag-
inase instead showed that ISR activation was similar at all ages
and associated with a conserved ATF4 gene target signature.
Age-specific differences in the liver transcriptome included
inhibition of lipid and cholesterol biosynthesis and iron bio-
availability in juveniles, whereas adult livers displayed increased
serine/glycine/one-carbon metabolism and inflammation.
These results provide insight into the relationship between age
and the resources available to support recovery from amino
acid depletion by asparaginase.
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Results

Asparaginase reduces body growth and liver mass in juvenile
mice only

To identify age-specific hepatic responses following chronic
asparaginase exposure, we utilized 2-, 8-, and 16-week-old mice
representing preweaned juveniles, young adults, and mature
adults, respectively. Asparaginase stunted the growth of juve-
nile mice and decreased their liver masses relative to body
weight (Fig. 1, A and B). In contrast, body and liver weights were
not significantly altered by drug in adults.

Age influences the liver transcriptome in response to
asparaginase

We next sought to examine how asparaginase affects the liver
transcriptome across the three age groups (Fig. 1C). Total RNA
was isolated from liver, enriched for polyadenylated RNA, and
sequenced to a depth of 30 million reads (7). Principal compo-
nent analysis clustered juvenile transcriptomes separately from
adults regardless of treatment (Fig. 1D), suggesting dominance
of age over asparaginase exposure on the hepatic transcrip-
tome. Quantitative analysis of differentially expressed genes

confirmed that juveniles differed considerably from adults,
whereas young and mature adults were largely similar.

Further examination of adult versus juvenile transcriptomes
revealed increased variability in adult transcript abundances
as compared with juveniles (12, 13). With this in mind, we
constructed a Venn analysis to compare our differentially
expressed gene lists: (i) juveniles were compared with 8- and
16-week-old mice combined into a single group of adults, and
(ii) juveniles were compared only with the 16-week-old adults
(Fig. 1E). Genes that were identified in both comparisons and
showed greater than 2-fold difference in expression were
selected for further consideration. These criteria ensure
87–100% statistical power given the sequencing depth and the
number of replicates (14). Using this filtering scheme, we iden-
tified 28 genes altered by asparaginase regardless of age. In
addition, 80 genes were altered by asparaginase in juveniles
only, and 34 genes were altered by asparaginase only in adults.

Asparaginase activates the ISR in liver regardless of age

Analysis of the resulting gene lists using DESeq2 (15),
DAVID gene annotation enrichment analysis, KEGG pathway

Figure 1. Age affects hepatic response to ASNase. ASNase exposure stunts body growth (A) and reduces relative liver mass (B) in juveniles but not in adults
following 1 week of daily intraperitoneal injections as compared with control groups that were injected with vehicle (PBS). The box plots show median values,
top and bottom hinges correspond to the first and third quartiles (the 25th and 75th percentiles), and the whiskers extend to the smallest and the largest value
within 1.5 distance of the interquartile range. *, p � 0.05 by Wilcoxon rank-sum test. C, schematic diagram of the experimental setup to analyze hepatic
transcriptomes of the mice; n indicates group number. D, principal component analysis clusters juvenile mice separately from adult mice regardless of
treatment. E, Venn diagram shows numbers of commonly and uniquely altered transcript abundances in the murine hepatic transcriptomes discovered in the
two comparison sessions: (i) juveniles (blue set) versus combined 8- and 16-week-old adult group (red set) and (ii) juveniles (green set) versus 16-week-old mice
(yellow set). Boldface underlined numbers of the colored Venn diagram were further filtered using the 2-fold change cutoff in gene expression induced by
ASNase, resulting in 28 common, 80 juvenile-specific, and 34 adult-specific elements for further analysis of functional association.
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mapping (16), and STRING (search tool for the retrieval of
interacting genes/proteins) (17) revealed unique pathways or
processes by age. The 28 genes found in common between juve-
nile and adult mice treated with asparaginase did not associate
with annotated processes. Instead, visual examination of the
gene list revealed an activated ISR (Fig. 2A) (8, 9, 18, 19). ATF4
target genes present in this common signature included (i)
Fgf21, a major hepatokine that regulates whole-body metabo-
lism according to nutritional status (9); (ii) Trib3, a pseudoki-
nase that binds and interferes with the activity of ATF4 and
Akt/protein kinase B (20 –22); and (iii) Asns, asparagine synthe-
tase that replenishes intracellular levels of asparagine and other

amino acids (8) (Fig. 2B). In addition, Nupr1 (also known as p8),
a gene transcript responsive to amino acid starvation and die-
tary protein dilution (23–25), was increased 7-fold in juveniles
and 4-fold in adults, whereas Extl1, which encodes an N-glyco-
syltransferase (26), showed 10-fold increase by drug in juveniles
and 6-fold in adults, and Atf5, a well-known responder to ER
stress and amino acid starvation (6, 7), was increased 4-fold in
juveniles and 2-fold in adults. A full list of the asparaginase-
responsive genes independent of age is summarized in Table
S1A. One gene worth noting in this supplemental list is Rho/
Rac guanine nucleotide exchange factor 2 (Arhgef2), reportedly
responsive to either leucine- or cysteine-deficient conditions

Figure 2. The ISR is a conserved gene signature in the livers of juvenile and adult mice following 1 week of daily ASNase exposure. A, Venn diagram
representing functional annotations of the common and unique gene signatures in juveniles (2 weeks old) and adults (8 and 16 weeks old) exposed to ASNase
daily for 1 week. B, the shared or common transcriptional signature in liver following chronic ASNase exposure includes the activating transcription factor 4
(ATF4) target genes Fgf21, Trib3, Asns, Nupr1, Exlt1, Atf5, and other genes from Table S1A. Data are represented as means normalized to the juvenile (Juv) PBS
control group � S.D. (error bars); means not sharing a common letter are significantly different, padj � 0.1. C, transcript levels of Fgf21 and Trib3 in the livers of
juvenile and adult mice were confirmed by RT-qPCR. D, immunoblot analysis of phosphorylation of eIF2 �-subunit at serine 51 (p-S51-eIF2) substantiates similar
ISR induction to ASNase across ages. Lamin B1, but not eIF2 or �-tubulin, decreases with age. Densitometry of blots are shown to the right of the representative
immunoblots. Bar graphs display means normalized to the juvenile (Juv) PBS control group � S.D. Data displayed in C and D were evaluated by Wilcoxon
rank-sum test. *, p � 0.05. n.s., not significant.
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(27), which increased 3– 4-fold in both juveniles and adults
exposed to asparaginase. In almost all instances, the level of
induction was greater in juveniles relative to adults.

The RNA-Seq results were validated on a larger cohort of
animals by examining gene expression in juvenile (2-week)
and adult (8 –16-week) mice using RT-qPCR. We confirmed
that both Fgf21 and Trib3 were similarly induced by asparag-
inase and found no influence of either age or sex on tran-
script abundances (Fig. 2C). This gene signature agreed with
eIF2 phosphorylation levels in which the response to aspa-
raginase was similar across ages (Fig. 2D). Total eIF2 levels
were also not affected by age or asparaginase, similar to �-tu-
bulin, whereas lamin B1, a protein known to decrease with
age (28), showed the expected age-related decrease in pro-

tein levels. Taken together, these results indicate that the
ISR is a conserved hepatic stress response to asparaginase
regardless of age.

Age influences hepatic lipid metabolism in response to
asparaginase

Asparaginase-induced liver steatosis was greatest in juve-
niles, displaying the highest liver triglycerides biochemically
alongside intense Oil Red O staining in liver sections (Fig. 3, A
and B). Asparaginase-treated adults showed modest changes in
liver triglycerides, similar to that previously reported by our
group (9). Circulating triglycerides were highest in excipient-
treated juveniles, reducing both with age and by asparaginase
exposure (Fig. 3C). On the other hand, total serum cholesterol

Figure 3. Age affects lipid metabolism in response to ASNase. Hepatic triglyceride (TG) measurement (A) and Oil Red O staining (B) of liver (scale bar,
100 �m) show larger accumulation of red droplets representing hepatic TG in juveniles (Juv) as compared with adults. Data in A were evaluated by
two-factor ANOVA with ASNase and age as independent factors. Means not sharing a common letter are different, reflecting an ASNase � age
interaction, p � 0.05. C, serum TG and total cholesterol in sera of mice exposed to either ASNase or to PBS vehicle. Data in C were evaluated by two-factor
ANOVA. *, significant effect of age (p � 0.05); †, significant effect of ASNase (p � 0.05). D, heat map showing genes of the lipid biosynthesis pathway that
were significantly altered in expression by ASNase in the juveniles (padj � 0.1), but not the adults. The blue-to-red color scale represents mRNA
abundances obtained from RNA-Seq data across the four treatment groups. For exact expression values and corresponding protein function, see Table
S1B. E, diagram indicates enzymes of the lipid biosynthesis pathway encoded by genes from D. F, validation of Hmgcs1, Hmgcr, and Cyp51 mRNA
abundances by RT-qPCR. Values are normalized to the ones of the juvenile PBS control group. The box plots show median values, top and bottom hinges
correspond to the first and third quartiles (the 25th and 75th percentiles), and the whiskers extend to the smallest and the largest value within 1.5
distance of the interquartile range. *, p � 0.05 by Wilcoxon rank-sum test.
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was highest in excipient-treated adults and was reduced by
asparaginase in adults only.

Although circulating triglycerides and cholesterol were both
reduced by asparaginase in adults, the liver transcriptome
showed minimal changes in lipid metabolism genes. Instead,
the transcriptome of juveniles uniquely displayed down-regu-
lation of lipid biosynthesis upon asparaginase exposure (Fig.
2A). Specifically, more than 60% of genes encoding proteins
that function in the cholesterol and fatty acid biosynthesis were
down-regulated roughly 3–5-fold in juveniles but were largely
unresponsive in adults (Fig. 3 (D and E) and Table S1B). Con-
firmation by RT-qPCR on a larger cohort of animals showed
5-fold reductions in Hmgcs1, Hmgcr, and Cyp51 in juveniles,
but not in adults (Fig. 3F). These reductions are interpreted to
function as a homeostatic response attempting to correct the
hepatic steatosis.

Age influences iron metabolism

Examination of the juvenile-specific transcriptional changes
in response to asparaginase also indicated increased iron
sequestration (Figs. 2A and 4A). Specifically, chronic asparagi-
nase exposure corresponded with 10-fold induction of Hamp, a
gene encoding the small peptide hepcidin, which functions to
block iron export from cells under conditions of high iron,
inflammation, or ER stress. There was also a 3-fold reduction in
Bdh2, which encodes 3-hydroxybutyrate dehydrogenase 2, an
enzyme catalyzing a rate-limiting step in the synthesis of the
iron-chelating compound 2,5-dihydroxybenzoic acid sidero-
phore (29, 30), suggestive of reductions in iron bioavailability
for extrahepatic tissues. We also noted a 4-fold increased
expression of Fam129a (also known as Niban), an ATF4 target
gene induced in cell culture models of ER stress (31) and shown
to increase in response to a low-iron diet in mouse models (32).

Age by itself induced Hamp 10 –20-fold over untreated juve-
nile levels such that asparaginase failed to further increase tran-
script levels in adult mice (Fig. 4A). Age-related changes in
Hamp expression were observed in aging rat tissues (33), sug-
gesting that hepcidin plays a role in mitigating age-related iron
accumulation (34). The inability of adults to increase Hamp
expression in response to asparaginase suggests a ceiling effect

to amino acid depletion. To confirm this, we assessed Hamp
and Bdh2 expression by RT-qPCR on a larger cohort of animals
(Fig. 4B). Hamp abundance increased 10-fold upon asparagi-
nase exposure in juveniles and only 1.5-fold in adults, whereas
Bdh2 mRNA abundance decreased 2-fold in juveniles with
asparaginase and did not change in adults (Fig. 4B), fully con-
firming the RNA-Seq data. Because this transcriptional signa-
ture predicted increased iron sequestration by liver, we mea-
sured total iron content. A 2-fold increase in total hepatic iron
was induced by asparaginase in juvenile livers, whereas no sig-
nificant change was observed in adults (Fig. 4C), agreeing with
changes in Hamp expression. Of note, total iron content of
adult livers was at least 2-fold higher than that of juvenile ones,
directionally correlating with hepatic Hamp expression and
reflecting age-related iron accumulation.

Asparaginase provokes inflammation and alters one-carbon
metabolism in adult liver

The adult-specific transcriptional response to asparaginase
showed elevations in Saa1 and Saa2 transcripts, which encode
serum amyloid A1 and A2 proteins (Fig. 5A). SAA1 and SAA2
are principally produced by the liver under acute inflammatory
conditions. We confirmed these findings by RT-qPCR in a
larger cohort of animals and found that adults displayed 2–3-
fold increases in Saa1 and Saa2 in response to asparaginase,
whereas juveniles showed the opposite, up to 10-fold reduc-
tions in these transcripts (Fig. 5B). To check whether increased
Saa1 and Saa2 mRNAs coincided with alterations in liver func-
tion, we measured levels of alanine aminotransferase (ALT) in
the sera of mice (Fig. 5C). Notably, serum ALT levels positively
correlated with the hepatic Saa2 mRNA levels in adult mice
treated with asparaginase (Fig. 5D). No change in the serum
alkaline phosphatase (ALP) levels was observed in adults.
Basally elevated ALP levels in untreated juveniles (Fig. 5E)
reflect the developmental phase of active growth of the juvenile
mice and are also reported for humans (35). Further elevation of
ALP levels by asparaginase exposure is common among pedi-
atric patients and usually resolves on its own after completion
of the asparaginase protocol (36).

Figure 4. Age affects hepatic iron metabolism in response to ASNase. A, transcript abundances for genes pertaining to iron metabolism (Hamp, Bdh2, and
Fam129a) that were significantly altered by chronic ASNase exposure in RNA-Seq data set. Data are represented as means normalized to the juvenile (Juv) PBS
control group � S.D. (error bars). Means not sharing a common letter are different (padj � 0.1). B, validation of Hamp and Bdh2 mRNA abundances by RT-qPCR.
Values are normalized to the ones of the juvenile PBS control group. C, total iron content in livers of juveniles and adults exposed to either ASNase or vehicle
control (PBS). The box plots in B and C show median values, top and bottom hinges correspond to the first and third quartiles (the 25th and 75th percentiles),
and the whiskers extend to the smallest and the largest value within 1.5 distance of the interquartile range. *, p � 0.05 by Wilcoxon rank-sum test.

EDITORS’ PICK: Age modulates liver responses to amino acid stress

13868 J. Biol. Chem. (2019) 294(38) 13864 –13875

http://www.jbc.org/cgi/content/full/RA119.009864/DC1


The other identified adult-specific response to asparaginase
encoded key steps in serine/glycine metabolism (Phgdh and
Psat1) and the mitochondrial folate cycle (Mthfd2 and Aldh1l2)
(Fig. 6 (A–C) and Table S1C). To determine whether these
changes corresponded with differential effects on circulating
amino acids, we measured serum concentrations of amino acids
by HPLC (Table 1). In both juveniles and adults, asparaginase
significantly reduced concentrations of asparagine, aspartate,
and glutamine and significantly increased concentrations of
alanine, arginine, glutamate, glycine, lysine, serine, and threo-
nine. Notably, age independently reduced serine and glycine
concentrations substantially. Thus, elevated abundances of
Phgdh and Psat1 transcripts suggest that adults under amino
acid stress have reduced availability of serine as a substrate to
help drive either mitochondrial NADPH production (37) or
purine nucleotide synthesis, the ultimate products of the folate
cycle (38). Validation of the Mthfd2 expression on a larger
cohort of animals confirmed reduced transcript abundance in
excipient-treated adults and up to 10-fold increased abundance
of the transcript in adults following asparaginase regardless of
sex (Fig. 5C).

Age alters liver gene expression independent of asparaginase

In this analysis, more genes were differentially altered by age
versus asparaginase (Table S2). Therefore, we utilized unbiased
STRING analysis to identify major pathways that changed in
the liver during maturity to adulthood. Our analysis revealed
two large clusters of genes that were increased in young mice

relative to adults (Fig. 7, A–D). First, a cell cycle/DNA replica-
tion cluster was identified, which contained genes encoding
regulatory and structural proteins involved in chromosome
maintenance and mitosis. This cluster is indicative of high
numbers of replicating cells that become reduced when ani-
mals reach maturity. Roughly 16% of the genes contained
within the cell cycle and DNA replication cluster had 2–3-
fold decreased mRNA abundance after asparaginase treat-
ment in the preweaned juvenile group. A second gene cluster
included collagen and extracellular matrix remodeling, also
consistent with a higher growth state in preweaned juveniles.

Older mice showed specific enrichment (up-regulated 3–10-
fold) in genes encoding enzymes that function in biological oxi-
dation, glucuronidation, and phase II liver metabolism reac-
tions (Fig. 7, E and F). These data suggest an increased demand
for inactivation of a variety of xenobiotics and metabolites in
adult liver that may reflect increased metabolic demand follow-
ing full transition from dam’s milk to solid food (39, 40).

Discussion

This study aimed to explore the mechanistic basis for age-
related differences to asparaginase in liver, complementing our
portfolio of work detailing the metabolic and tissue-specific
effects of asparaginase (2– 4, 6, 7, 9, 18). A major finding of this
study is that the ISR is a core response triggered in liver by
asparaginase both in the juvenile period and in adulthood. This
is an important finding because it emphasizes the conserved

Figure 5. Hepatic transcriptional response of adults to chronic ASNase exposure includes markers of acute-phase response. A, mRNA levels of Saa1 and
Saa2, encoding serum amyloid A1 and A2, obtained from RNA-Seq data. Data are represented as means normalized to the juvenile (Juv) PBS control group �
S.D. (error bars) Means not sharing a common letter are different (padj � 0.1). B, validation of Saa1 and Saa2 mRNA abundances by RT-qPCR. Values are
normalized to the ones of the juvenile PBS control group. C, serum ALT levels in mice exposed to ASNase or vehicle control (PBS). D, correlation plot delineating
levels of the Saa2 mRNA (from B) to the levels of serum ALT (from C) in adult mice treated with ASNase (Spearman correlation coefficient r � 0.761, p � 0.58).
E, serum ALP levels. The box plots show median values, top and bottom hinges correspond to the first and third quartiles (the 25th and 75th percentiles), and
the whiskers extend to the smallest and the largest value within 1.5 distance of the interquartile range. *, p � 0.05 by Wilcoxon rank-sum test.
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nature of this homeostatic program to protect and adapt to
stress during development to adulthood.

Adult mice deficient in genes encoding ISR components
respond poorly to asparaginase and suffer a variety of metabolic
problems related to liver dysfunction (6, 9). Adult WT mice in
our previous studies showed healthy adaptation to asparaginase
only if they were lean. As such, we did not expect the adult mice
in this study, who were also lean, to demonstrate frank liver
toxicity. Instead, based on clinical reports suggesting a lower
incidence of asparaginase-associated toxicities in younger

patients (41), we surmised that activation of the ISR by asparag-
inase may be influenced by age. The similarity in ISR activation
to asparaginase independent of age emphasizes that complica-
tions may arise at any age if this pathway is defective or other-
wise compromised. The finding that age does not substantially
alter the ISR to asparaginase also stands in contrast to that of
pre-existing obesity, which promotes a maladaptive ISR to
asparaginase and significantly aggravates liver steatosis and
dysfunction in WT mice (6). Thus, we conclude that genetic
background and metabolic state are more relevant factors to

Figure 6. Age affects one-carbon metabolism in response to asparaginase. A, schematic depiction of the serine/glycine and one-carbon metabolism
pathway illustrates reactions catalyzed by the enzymes (black boxes). B, transcript levels of genes encoding the enzymes of serine/glycine and one-carbon
metabolism; values are obtained from RNA-Seq data. Data are represented as means normalized to the juvenile (Juv) PBS control group � S.D. (error bars).
Means not sharing a common letter are different (padj � 0.1). C, validation of Mthfd2 mRNA levels by RT-qPCR. The box plots show median values, top and bottom
hinges correspond to the first and third quartiles (the 25th and 75th percentiles), and the whiskers extend to the smallest and the largest value within 1.5
distance of the interquartile range. *, p � 0.05 by Wilcoxon rank-sum test.

Table 1
Amino acids concentrations in the sera of mice exposed to eight daily injections of either ASNase or PBS excipient
Data were analyzed by two-factor ANOVA with ASNase and age as independent factors. Main effects of ASNase and age are shown in columns to the right of the treatment
groups. Means in a row not sharing a common letter are different, reflecting an ASNase � age interaction (*, p � 0.05).

Amino acids in serum
Average values (�M) p values

Juv PBS (n � 9) Juv ASNase (n � 9) Adult PBS (n � 6) Adult ASNase (n � 8) Effect of ASNase Effect of age

Alanine 357 � 29 511 � 56 348 � 24 451 � 104 0.002* 0.351
Arginine 138 � 9 173 � 22 96 � 21 107 � 26 0.047* 0.000*
Asparagine 42.4 � 31.3 5.7 � 0.4 40.1 � 33.1 5.6 � 0.6 0.004* 0.915
Aspartate 40 � 24 21 � 11 36 � 21 20 � 9 0.042* 0.746
Cystine 6.3 � 3.2 3.4 � 0.3 3.5 � 3.7 4.0 � 6.8 0.628 0.655
Glutamate 81 � 6 (b) 168 � 74 (b) 57 � 38 (b) 330 � 77 (a) 0.000* 0.034*
Glutamine 405 � 16 242 � 49 597 � 159 263 � 120 0.001* 0.090
Glycine 783 � 47 (c) 1151 � 129 (a) 449 � 61 (b) 512 � 53 (b) 0.000* 0.000*
Histidine 60 � 3 62 � 6 59 � 10 56 � 14 0.879 0.581
Isoleucine 54 � 4 68 � 10 69 � 21 75 � 18 0.246 0.208
Leucine 69 � 4 93 � 21 112 � 36 120 � 30 0.269 0.027*
Lysine 289 � 54 449 � 95 188 � 38 237 � 64 0.003* 0.000*
Methionine 65 � 6 74 � 10 74 � 21 76 � 26 0.612 0.594
Proline 304 � 12 312 � 23 304 � 168 285 � 62 0.918 0.791
Serine 241 � 11 344 � 51 124 � 17 178 � 43 0.000* 0.000*
Threonine 203 � 11 288 � 26 156 � 25 244 � 81 0.007* 0.117
Tryptophan 87 � 5 76 � 2 109 � 23 106 � 20 0.455 0.012*
Valine 168 � 21 225 � 33 205 � 58 235 � 59 0.109 0.380
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consider versus age in understanding the basis for asparaginase-
associated hepatotoxicity. Indeed, human patients with poly-
morphisms in the ATF4 gene targets Asns and Atf5 demon-
strate increased toxicity and lower event-free survival (42), and
obesity increases the relative risk for hepatotoxicity in human
patients (43).

Juvenile-specific responses to amino acid stress by asparagi-
nase were (i) inhibition of hepatic lipid biosynthesis transcripts
alongside hepatic steatosis and (ii) increased iron sequestra-
tion. We interpret the down-regulation of genes encoding trig-
lyceride and cholesterol synthesis pathways to be a homeostatic
response to increased triglyceride accumulation in juvenile liv-

ers. The mechanism by which asparaginase promotes hepatic
steatosis in intact mice is unclear, but mice lacking Gcn2 show
massive hepatic steatosis due to reduced triglyceride secretion
in association with loss of ApoB100 protein expression (6, 9).
Liver protein synthesis is reduced by asparaginase (4), and this
reduction may affect lipoprotein production more severely
in younger mice because of their rapid growth phase. The
development of steatosis may also provoke oxidative stress,
stimulating cellular defenses to prevent tissue damage.
Reductions in hepatic protein synthesis likely impact iron–
sulfur cluster protein synthesis and heme biosynthesis in
juveniles, provoking iron sequestration as an antioxidant

Figure 7. Functional association analysis of genes affected by maturity to adulthood revealed three large clusters. A, genes whose expression is
down-regulated during maturity to adulthood encode proteins that regulate cell cycle/DNA replication (red) and proteins that constitute extracellular matrix
(ECM) and its remodelers (green). B and C, graphs showing abundances of transcripts functionally associated with the cell cycle/DNA replication cluster. B,
transcripts with abundances decreased at least 2–3-fold by ASNase in the juveniles; C, transcripts with abundances not affected by ASNase. D, transcripts of the
ECM remodeling cluster decreased in abundance 2–10-fold during maturity to adulthood. E, genes whose expression is up-regulated during maturity to
adulthood encode proteins catalyzing oxidation reactions, glucuronidation, and other reactions of the phase II metabolism. F, graphs showing abundances of
transcripts functionally associated with the collagen and ECM remodeling cluster increased 2–10-fold during maturity to adulthood. B, C, D, and F share a
common x axis comprising individual animals within each treatment group for a total of 18 animals whose transcriptomes were sequenced. Dots colored in
different shades of gray represent mRNA abundances for genes from the corresponding clusters. All of the expression values in these panels are normalized to
the average value of the juvenile (Juv) PBS control group. Lists of genes are given on the right side of each panel. For exact expression values and corresponding
protein functions, see Table S2.
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response. The coordinated regulation of amino acid and iron
metabolism is conserved throughout eukaryotes (44) and
occurs through activation of GCN2, the main responder to
asparaginase in mouse liver.

Adult-specific changes in the transcriptome to amino acid
stress by asparaginase included (i) acute-phase pro-in-
flammatory response and (ii) up-regulation of one-carbon
metabolism. The presence of an acute-phase pro-inflamma-
tory response is corroborated by clinical observations of
increased SAA protein in the serum of high-risk older acute
lymphoblastic leukemia pediatric patients (�10 years old)
treated with asparaginase as opposed to younger low-risk
patients (�9 years old) (45). These results collectively indi-
cate a pro-inflammatory response unique to older patients.
The identified pro-inflammatory response in adult mice did
not correlate with iron levels or hepcidin gene expression.
This contrasts with juvenile mice, which showed a relation-
ship between iron levels and hepcidin in liver after asparag-
inase exposure. Hepcidin is a liver-produced hormone that
acts to regulate iron absorption and distribution across tis-
sues. Infection and inflammation induce hepcidin produc-
tion, reducing intestinal iron uptake and hepatic iron export
(46). The relationship between hepcidin, iron, and inflam-
mation in the context of aging is complex (34). Future studies
exploring these themes as a basis for liver dysfunction during
asparaginase treatment are warranted.

The other transcriptional signature in adults reflects height-
ened capacity for detoxification and metabolic maintenance
rather than de novo production of biomaterial. Maturity to
adulthood is accompanied by 4 –5-fold reduced pool of free
tissue nucleotides as compared with juveniles (47). The current
study supports this by showing adults have significantly
reduced circulating concentrations of the amino acids that
serve as precursors to nucleotide synthesis. Thus, adults must
employ a stress remediation strategy that is fundamentally dif-
ferent from juveniles. Our data suggest that adults up-regulate
serine/glycine and one-carbon metabolism perhaps to sustain
or support de novo nucleotide synthesis via elevated Mthfd2
expression. MTHFD2 supplies formate as a source of carbon for
purine nitrogenous bases (38, 48). Supporting de novo produc-
tion of nucleotides is one of several functions of the MTHFD2
enzyme. Specifically, MTHFD2 also functions to support mito-
chondria with NADPH during stress (37) and regulates ribo-
some biogenesis from inside the nucleus (49).

In summary, the hepatic response to asparaginase differs
with age although activation of the ISR is conserved during
maturity to adulthood. Whereas lipid metabolism, oxidative
stress defenses, amino acid metabolism, and inflammation are
all processes regulated by the ISR, questions remain regarding
how this regulation occurs during asparaginase exposure and
whether activation of ISR by asparaginase is important for met-
abolic control by promoting ATF4 synthesis or via repression of
mTOR complex 1 signaling as we recently detailed (18). Future
studies should explore the relationship between ISR activation
and the pathways and processes that are functionally altered at
each age.

Experimental procedures

Animals and care

All animal protocols were reviewed and approved by the
Institutional Animal Care and Use Committee at Rutgers Uni-
versity, and all animals received humane care according to the
criteria outlined in the Guide for the Care and use of Laboratory
Animals prepared by the National Academy of Sciences and
published by the National Institute of Health (NIH publication
86-23, revised 1985) and ARRIVE) C57Bl/6J mice of both sexes
were provided free access to food (5001 Laboratory Rodent
Diet, LabDiet) and water and maintained on a 12-h light/dark
cycle (7 a.m./7 p.m.) with same-sex littermates until the exper-
imental group assignment, wherein mice were housed in indi-
vidual plastic cages. Cages contained soft bedding and enrich-
ment. Information about sexes of the animals utilized for
the analysis of transcriptome is contained in Tables S1 and S2.
For validation of major findings of the global RNA-Seq by RT-
qPCR, a total of 68 mice were used: juvenile PBS (7 females and
7 males), juvenile asparaginase (ASNase) (6 females and 6
males), adult PBS (9 females and 11 males), adult ASNase (11
females and 11 males).

Injections and sample collection

Three age groups of mice, preweaned juvenile (2 weeks old),
young adults (8 weeks old), and nongrowing adults (16 weeks
old), were assigned to receive 7– 8 daily intraperitoneal injec-
tions of either asparaginase (3 IU/g body weight, Elspar, Merck)
or PBS excipient. Asparaginase was reconstituted from powder,
and the reconstituted solution was analyzed for asparaginase
activity as described (4). Animals were killed by decapitation
�6 h following the final injection. Whole livers were rapidly
dissected and frozen in liquid nitrogen for the subsequent bio-
chemical analyses.

Histology

Liver tissues were fixed in 4% paraformaldehyde, cryopro-
tected in 15 and 30% sucrose PBS-based solutions, and frozen
for cryosectioning. Cryosections (�10 �m) were stained with
Oil Red O to visualize lipid content.

Triglyceride measurements

Triglycerides were measured in frozen liver tissue samples
(�40 mg) using the Colorimetric Triglyceride Quantification
kit (BioVision, catalog no. K622, Mountain View, CA) accord-
ing to the manufacturer’s instructions.

Immunoblotting

The frozen tissue powder was lysed in 1:40 ratio with the
lysis buffer (25 mM HEPES, pH 7.5, 10 mM DTT, 0.1% SDS, 1�
protease inhibitor mixture (Sigma; P8340), 1 mM sodium
orthovanadate, 0.5% deoxycholate, 50 mM �-glycerophosphate,
2 mM EDTA, 1 mM microcystin, 50 mM NaF, 3 mM benzami-
dine) using the Polytron bench top homogenizer followed by
heating the lysates for 5 min in Laemmli buffer. Primary anti-
bodies used were as follows: anti-phospho-(Ser-51)-eIF2 (Cell
Signaling Technology, CST 3597), anti-eIF2� (Santa Cruz Bio-
technology, Inc., sc-11386), anti-lamin B1 (Cell Signaling Tech-
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nology, catalog no. 9087), anti-tubulin � (Bioss, bs-4511R). Sec-
ondary antibody was peroxidase-AffiniPure goat anti-rabbit
TgC (H�L) from Jackson ImmunoResearch (111-035-003).
The images were taken with Fluorchem M imager (Protein-
Simple), and band densities were quantified using AlphaView
software.

Iron measurement

Iron content of frozen murine livers was determined as
described (50), using reagents from the QuantiChrom Iron
Assay Kit (BioAssay Systems, catalog no. DIFE-250, Hayward,
CA). Briefly, all of the glassware was washed with soap and
water, rinsed with milliQ water three times, and then soaked
overnight in 20% nitric acid to ensure removal of iron traces.
About 50 mg of powdered frozen liver (unflushed) per biologi-
cal replicate was placed in the clean glass tubes and dried in a
Savant SpeedVac at 80 °C for 30 min. The dried pellets were
digested with 100 �l of 70% nitric acid at 90 °C for 15–20 min,
neutralized with 160 �l of 10 M NaOH, and further diluted
with 0.4 M ammonium acetate (pH 4.2) up to 1 ml of the final
volume. Aliquots of 100 �l of the neutralized diluted diges-
tant were pipetted to 96-well plate in triplicates and then
mixed with 25 �l of the colorimetric solution (water:
Solution B/ascorbic acid:Solution C/chelating fluorophore,
3:1:1). For cloudy samples, 5 �l of 10% SDS per well were
added to dissolve the white flaky organic precipitate.
Absorbance at 600 nm was measured within 10 min. A stan-
dard curve was generated using an iron chloride solution
according to the manufacturer’s instructions.

Serum analysis

Serum alanine aminotransferase, alkaline phosphatase,
serum triglyceride, and total cholesterol were measured
using commercially available kits (Pointe Scientific, Canton,
MI). Amino acid composition of the serum was determined
as described previously (18).

RNA-Seq

Libraries for RNA-Seq were prepared and sequenced at the
JP Sulzberger Columbia Genome Center (Columbia University,
New York) as described (7). The reads were mapped to the
mouse genome (mm10) with Bowtie 2 and TopHat version 2.0.
Sequencing data for the 8-week cohort of mice were taken from
(7). Differences in gene expression were determined using
DEseq2 approach and evaluated according to treatment and
age of the mice. Expression values in Tables S1 and S2 are given
in transcripts per million (TPM), which was calculated accord-
ing to the following formula,

TPM �
Xi

li�
106

�i�1
N

Xi

li
�, (Eq. 1)

where Xi is the number of reads mapped to gene i; li is the length
of the longest transcript of gene i; and N is the total number of
genes identified per sample.

RT-qPCR validation

RNA was isolated from 10 –20 mg of frozen tissue powder
using TriReagent (Sigma-Aldrich, catalog no. T9424). Quality
of the isolated RNA was assessed by measuring A260/280 and
A260/230 ratios; integrity was assessed by visualization of the
rRNA on agarose gel. cDNA was prepared using the High
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Sci-
entific, catalog no. 4368814) following the manufacturer’s
instructions with 1 �g of input RNA for 20 �l of reverse tran-
scription reaction. The resulting cDNA libraries were diluted
20 times with water and used in a SYBR Green– based protocol
(Thermo Fisher Scientific, catalog no. 4309155) with the fol-
lowing primers: Fgf21 (forward, 5	-AGCATACCCCATCCCT-
GACT-3	; reverse, 5	-AGGAGACTTTCTGGACTGCG-3	),
Trib3 (forward, 5	-CAGCAACTGTGAGAGGACGA-3	; re-
verse, 5	-TGGAATGGGTATCTGCCAGC-3	), Mthfd2 (for-
ward, 5	-AGTGCGAAATGAAGCCGTTG-3	; reverse, 5	-
GACTGGCGGGATTGTCACC-3	), Cyp51 (forward, 5	-GTT-
TCAGGCGCAGGGATAGA-3	; reverse, 5	-CATCTGTTAG-
AGGACGCCCG-3	), Hmgcr (forward, 5	-ATCCTGACGAT-
AACGCGGTG-3	; reverse, 5	-AAGAGGCCAGCAATACC-
CAG-3	), Hmgcs1 (forward, 5	-TGATCCCCTTTGGTGGC-
TGA-3	; reverse, 5	-AGGGCAACGATTCCCACATC-3	),
Hamp (forward, 5	-AGGGCAGACATTGCGATACC-3	; re-
verse, 3	-GCAACAGATACCACACTGGGA-3	), Bdh2 (for-
ward, 5	-CAAAAGGACTCGGAGGGGAC-3	; reverse, 3	-
ACCAGTTGTGCAGGTGGTAA-3	), Saa1 (forward, 5	-ACC-
AGATCTGCCCAGGAGAC-3	; reverse, 5	-CCCTTGGAA-
AGCCTCGTGAAC-3	), Saa2 (forward, 5	-ATGGAGACAA-
ATACTTCCATGCT-3	; reverse, 5	-GCCGAAGAATTCCT-
GAAAGCTC-3	).

Statistical analysis

Global transcriptome analyses (n � 3 per group) were con-
ducted using the DEseq2 R-script. Differential expression of
a gene was considered statistically significant between treat-
ment groups when the adjusted probability (padj) value was
�0.1. Principal component analysis was performed on the
log2-transformed counts normalized for library size as
described in the DESeq2 vignette. Serum amino acids and all
lipid measurements were analyzed by two-factor ANOVA
with ASNase and age as independent factors. Statistically
significant comparisons (main or interaction effects) were
further assessed using Tukey’s HSD. All other measurements
were analyzed with Wilcoxon rank-sum test through pair-
wise comparisons. Correlation between Saa2 mRNA levels
and serum ALT levels was established by Spearman’s rank
correlation hypothesis testing.
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