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Distinct hypoxia-induced
translational profiles
of embryonic and adult-derived macrophages

Nicholas S. Wilcox,1,2,4,7 Timur O. Yarovinsky,1,2,7 Prakruti Pandya,1,2 Vinod S. Ramgolam,1,2

Albertomaria Moro,1,3,5 Yinyu Wu,1,3 Stefania Nicoli,1,3 Karen K. Hirschi,1,3,6 and Jeffrey R. Bender1,2,8,*

SUMMARY

Tissue resident macrophages are largely of embryonic (fetal liver) origin and long-lived, while bone
marrow–derived macrophages (BMDM) are recruited following an acute perturbation, such as hypoxia
in the setting of myocardial ischemia. Prior transcriptome analyses identified BMDM and fetal liver–
derived macrophage (FLDM) differences at the RNA expression level. Posttranscriptional regulation
determining mRNA stability and translation rate may override transcriptional signals in response to hyp-
oxia. We profiled differentially regulated BMDM and FLDM transcripts in response to hypoxia at the level
of mRNA translation. Using a translating ribosome affinity purification (TRAP) assay and RNA-seq, we
identified non-overlapping transcripts with increased translation rate in BMDM (Ly6e, vimentin, PF4)
and FLDM (Ccl7, Ccl2) after hypoxia. We further identified hypoxia-induced transcripts within these sub-
sets that are regulated by the RNA-binding protein HuR. These findings define translational differences in
macrophage subset gene expression programs, highlighting potential therapeutic targets in ischemic
myocardium.

INTRODUCTION

Macrophages populate all tissues and exert multiple functions to maintain homeostasis in response to environmental changes.1 Embryonic

macrophages originating from the yolk sac or fetal liver populatemost organs during early development and constitute themajority of tissue-

resident macrophages. Fate mapping studies in mice reveal that more than 95% of cardiac- and lung-resident macrophages originate from

fetal liver.2,3 Under homeostatic conditions, tissue resident macrophages undergo self-renewal with little influx from the bonemarrow.4 How-

ever, organ injury or inflammation results in rapid recruitment of bone marrow–derived monocytes that differentiate into macrophages with

overlapping and distinct roles in tissue repair, from those of tissue-resident cells.2,3,5,6

Reduced blood flow to organs (i.e., ischemia) decreases oxygen availability in target tissues while oxygen deprivation impairs oxidative

phosphorylation in mitochondria and diminishes ATP production.7,8 Energy starvation results in shutdown of general protein synthesis via

mechanisms involving phosphorylation and inactivation of eukaryotic initiation factor-2a and eukaryotic translation elongation factor 2,

and suppression of the mammalian target of rapamycin.9,10 On the other hand, hypoxia-induced stabilization of hypoxia-inducible factor-

1a (HIF-1a), followed by nuclear translocation and association with HIF-1b, leads to transcriptional activation of multiple genes involved in

adaptation to hypoxic conditions.11–13 Translation of specific transcripts under hypoxic conditions depends on binding of HIF-2a to the hyp-

oxia response elements at the 30UTR aswell as a switch from the cap-dependent to -independentmRNA translation, initiated from the internal

ribosome entry site (IRES).14–16 Tissue-resident and newly recruited macrophages sense hypoxic conditions and rely on HIF-mediated tran-

scriptional activation to promote angiogenesis and tissue repair.17–20

Posttranscriptional regulation of gene expression at the level of mRNA stability and translation may amplify or override transcriptional

regulation and, as such, plays an important role in macrophage responses to hypoxia.19,21 Multiple RNA-binding proteins, including HuR,

PTB, TTP, and others, change mRNA turnover and translation rate by selectively binding to the 50UTR or 30UTR of the target mRNAs.22

For example, HuR can stabilize macrophage transcripts regulated by HIF-1a, including vascular endothelial growth factor A (Vegf) and matrix

metalloproteinase-9 (Mmp9), which modulate angiogenesis and tissue repair.23 On the other hand, latent binding of HuR to the 50UTR of
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caspase-2, BclXL and p27 mRNAs inhibits IRES-dependent translation from those transcripts.24–26 Another level of posttranscriptional regu-

lation complexity is addedbymicroRNAs (miRNAs), which cause RNAdegradation or translational arrest through binding tomRNA30-UTRs.22

HuR can compete withmiRNAs for binding to neighboring 30-UTR sites, thereby conferring protection.27,28 The attenuation ofmiRNAbinding

to transcripts in close proximity to HuR binding sites, and consequential miRNA targeting of transcripts regulating angiogenesis and macro-

phage/endothelial interactions, have been demonstrated.29

There are global and specific changes in macrophagemRNA translation in response to various stimuli, including hypoxia.19,30–33 However,

prior studies have either focused on bone marrow-derived macrophages (BMDM) or simply did not attempt to address the origin of macro-

phages. Considering the differences in the differentiation pathways and transcription programs between adult BMDM and embryonically

derivedmacrophages, we hypothesized that BMDMand fetal liver–derivedmacrophages (FLDM) respond to hypoxia by changing translation

of distinct subsets of mRNAs, some in an HuR-dependent manner. These differences might dictate dominant homeostatic and pathologic

responses in a given tissue and form the basis for therapeutic targets.

To test our hypothesis, we differentiated macrophages from fetal liver and bone marrow of transgenic mice that express a codon opti-

mized Cre recombinase (iCre) under the control of colony stimulating factor 1 receptor (Csfr1) promoter and, after Cre-mediated recombi-

nation, large ribosomal protein L10a fused to EGFP from the Rosa26 locus.34,35 This approach enabled unbiased transcriptome wide assess-

ment of the total and ribosome-occupied (i.e., translated) poly(A) RNA in BMDM and FLDM at baseline and after exposure to hypoxia using

translating ribosome affinity purification (TRAP). This method has been used to estimate mRNA translation efficiency in many cell types and

experimental systems.32,36–38 As L10a-EGFP is included in the polysome fractions.35,39,40 TRAP assay effectively measures ribosome occu-

pancy for specific transcripts. A single workflow for RNA-seq analyses of total and translated poly(A) transcripts isolated from the same, ho-

mogeneous samples in culture enabled us to effectively measure translation efficiency defined as the ratio of translated to total poly(A). We

found that BMDM, but not FLDM, respond to hypoxia primarily by upregulating translation of mRNAs encoding glycolytic enzymes. Further-

more, BMDM increased translation of multiple functionally diverse immune regulators, whereas FLDM increased translation of CC chemo-

kines Ccl7 and Ccl2. Finally, by using conditional deletion of HuR in macrophages, we identified transcripts that were differentially regulated

by this RNA-binding protein in the context of hypoxia.

RESULTS

BMDM and FLDM for translational profiling

To compare mRNA translation in macrophages of embryonic vs. adult origin, we expanded macrophages from fetal livers or adult bone

marrow of Csf1riCreRosa26EGFP:L10a mice in the presence of conditioned medium from L929 fibroblasts containing M-CSF for 6–7 days.

More than 90% of the cells in culture were GFP+, indicating expression of EGFP-L10a, and more than 90% of GFP+ cells were positive for

CD11b and F4/80, a marker for differentiated macrophages (Figure 1A). BMDM and FLDM cultures were similar morphologically with

EGFP-L10a present in both the nucleus and cytoplasm (Figure 1B).

We exposed differentiated BMDM and FLDM to hypoxia (1%O2, 5% CO2, balanced with nitrogen) for 18 h and applied RNA-seq analyses

to the total vs. translated poly(A) RNA pools isolated with translated ribosome affinity purification (TRAP). The results were expressed as tran-

scripts per kilobase million (TPM) to determine abundance and translation for each mapped transcript. The numbers of uniquemapped tran-

scripts with TPM>0 in the total vs. translated poly(A) pools were similar: 13,883 vs. 11,735 in the BMDM samples and 11,651 vs. 10,624 in the

FLDM samples. Total and translated poly(A) samples were predominantly protein-coding mRNAs, but also included some non-coding RNAs

(miRNA and lncRNA) andmitochondria-encodedmRNA. The latter were highly abundant in the total RNA samples, reduced in the translated

pools by �50-fold (Figure S1).

The mRNAs encoding macrophage-specific markers Adgre1 (F4/80), Csf1r, CD14 and CD68 were highly abundant in total and translated

RNA pools for both macrophage types under normoxic and hypoxic conditions (Figure 1C). At the whole transcriptome level, strong corre-

lation was evident between abundance and translation of most transcripts in BMDM and FLDM under normoxic and hypoxic conditions

(p < 0.0001) (Figure 1C). However, a number of transcripts were either under- or over-represented in the translated poly(A) relative to total

poly(A) pools (Figure 1C).

Hypoxia-induced changes in the total poly(A) RNA transcriptome

RNA-seq analyses of the total poly(A) RNA showed weak correlation of hypoxia-induced changes between BMDM and FLDM (Figure 2A).

Among the protein-coding transcripts, 15 were significantly upregulated and 8 were significantly downregulated in BMDM whereas 13

were upregulated and 11 were downregulated in FLDM (Figure 2B).

Using scatterplots for mean Log2FC of total poly(A) in BMDM vs. FLDM, we compared responses of the two macrophage populations to

hypoxia for transcripts associated with cell metabolism side-by-side (Figure 2C). While BMDM showed statistically increased levels of tran-

scripts for glycolysis-associated enzymes, FLDM showed similar, albeit not statistically significant, trends for Pgk1, Tpi1, Aldoa, and Ldha.

Downregulation of several mitochondria-encoded transcripts (mt-Nd1, mt-Nd2, mt-Cytb) was remarkably similar in BMDM and FLDM in di-

rection and magnitude. Yet there were several notable differences. BMDM showed a significant reduction in abundance of the transcript for

an antioxidant enzyme peroxiredoxin-1 (Prdx1) whereas FLDM induced this transcript. The transcript encoding eukaryotic translation elonga-

tion factor 1 alpha 1 (Eef1a1) displayed the opposite pattern of changes in response to hypoxia. Only FLDM showed upregulation of ferritin

light chain 1 (Ftl1) and down-regulation of mt-Co1 and transcripts encoding ribosomal proteins Rpl32 and Rpl18a. In contrast, only BMDM

strongly upregulated the transcript for glucose-6-phosphate isomerase 1 (Gpi1). Thus, besides the shared changes in mitochondria-encoded
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transcripts and a subset of glycolysis associated transcripts, BMDM and FLDM show distinct patterns of responses to hypoxia in transcripts

related to protein synthesis and other metabolic pathways.

Among the transcripts associated with immune regulation, platelet factor 4 (Pf4) was significantly upregulated by hypoxia in BMDM and

FLDM (Figure 2D). The transcript for complement receptor C5ar1 was significantly upregulated in BMDM with a similar trend in FLDM. Only

BMDM displayed an increase in macrophage migration inhibitory factor (Mif) and vimentin (Vim) transcripts, and a decrease in the Ly6e tran-

script.While FLDM induced chemokine transcripts Ccl7, Ccl2, andCcl4, BMDMshowed significant downregulation of Ccl7 and a trend toward

reduction of Ccl2 and Ccl4 mRNA levels, suggesting differential expression of the Ccl chemokines by BMDM and FLDM in response to

hypoxia.

Canonical pathway analyses of hypoxia-induced changes in total mRNA expression revealed shared pathways that were significantly

affected in BMDM and FLDM (Figure 2E; Table S1). Oxidative phosphorylation showed marked inactivation in both types of macrophages

A

B

C

Figure 1. Characterization of BMDM and FLDM phenotype, expression of EGFP-L10 and total vs. translated poly

(A) RNA pools at baseline (normoxia) and after exposure to hypoxia. (A) Representative FACS plots reveal thatmore than 90% of L10aGFP+ cells in FLDM cultures

are F4/80+CD11b+ by day 6 of culture in the presence of M-CSF. Similar pattern of staining was routinely observed in BMDM cultures.

(B) Representative fluorescence microscopy images display EGFP-L10a expression in the differentiated BMDMs and FLDMs from Csf1riCreL10aGFP+ mice

compared to L10aGFP� control. Scale bar = 20 mm.

(C) Normalized results of RNA-seq (TPM) of total vs. translated poly(A) pools for both macrophage types under normoxic and hypoxia conditions. The data are

mean of 3 (BMDM) or 2 (FLDM) independently processed samples. Red encircled dots indicate the abundance and translation of mRNA encoding macrophage

markers Adgre1 (F4/80), Csf1r (c-fms, or colony stimulating factor 1 receptor), CD14 and CD68. See also Figure S1.
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(Z score = �2 in BMDM and �2.236 in FLDM). Mitochondrial dysfunction and sirtuin signaling were similarly apparent in both types of mac-

rophages, mainly due to downregulation of mitochondria-encoded mRNAs, although z-scores for these pathways did not show significant

directional change. Hypoxia-induced changes in C5a1 and chemokine mRNA expression were linked to disturbance of granulocyte and

agranulocyte adhesion and diapedesis pathways in both macrophage types, albeit this was due to different transcript subsets and did not

show significant directional change. BMDM significantly activated glycolysis I (Z score = 2.236) and HIF-1a signaling (Z score = 2) pathways.

Gluconeogenesis and sucrose degradation pathways were disturbed in BMDM only, while NRF2-mediated oxidative stress, EIF2 signaling

and RhoA signaling pathways were disturbed in FLDM only, although without directional change.

We also carried out 3 independent validation experiments with BMDM and FLDM and measured changes in the abundance of

selected target mRNA by qRT-PCR (Figure S2). We observed an increase in the abundance of Pgk1 and Tpi1 and a decrease in the

abundance of mt-Nd2 RNA both in BMDM and FLDM, in agreement with the RNA-seq analyses of the total poly(A) RNA. Vim

mRNA was consistently induced in both macrophage populations, whereas Pf4 mRNA expression showed a trend toward increase,

more consistent in FLDM.

Collectively, changes among the total poly(A) transcripts indicate that hypoxia responses in BMDM and FLDM can be characterized by a

common pattern in downregulation of mitochondria-encoded transcripts and, to some degree, induction of several glycolysis-associated

transcripts. However, BMDM and FLDM show differential changes in the abundance of a subset of transcripts associated with protein synthe-

sis, antioxidant responses, and innate immunity.

Hypoxia-induced changes in translated poly(A) RNA

RNA-seq analyses of the translated poly(A) RNA showed weak correlation of hypoxia-induced changes between BMDM and FLDM (Fig-

ure 3A). Among the protein-coding transcripts, 23 were significantly upregulated and 6 were significantly downregulated in BMDM whereas

only 3 were upregulated and 6 were downregulated in FLDM (Figure 3B).

A

B

C

D

E

Figure 2. Analyses of changes in the total mRNA abundance in BMDM and FLDM in response to hypoxia

(A) Scatterplot showing Log2FC of total poly(A) in response to hypoxia. Protein-coding transcripts showing statistically significant change in BMDM, FLDM, or

both macrophage populations are marked with colors. Spearman’s rank correlation (r) and the number of compared transcripts (n) are shown.

(B–D) (B) Heatmap of the protein-coding transcripts that significantly increased or decreased in abundance in each macrophage subset. Log2FC scatterplots of

total poly(A) RNA in BMDM vs. FLDM are shown for selected transcripts associated with cell metabolism (C) or immune (D) regulation. The data aremean Log2FC

of total poly(A) RNA.

(E) Canonical pathways identified by analyses of the hypoxia-induced changes in total mRNA in BMDM and FLDM. The data are mean of 3 (BMDM) or 2 (FLDM)

independently processed samples. See also Figure S2.
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We plotted the Log2FC of translated poly(A) in BMDM vs. FLDM to compare translational responses of the two macrophage populations

to hypoxia. Although the increased translation of enzymes involved in glycolysis (Pgk1, Tpi1, Ldha, and Aldoa) was statistically significant only

in BMDM, similar trends were observed in FLDM (Figure 3C). In contrast, downregulation of translation of ferritin heavy chain 1 (Fth1) and

cystatin B (Cstb) was evident only in FLDM. Translation of immune-associated transcripts (Ly6e, Fcgr3, Ccl6) was significantly increased in

BMDMwith similar trends observed in FLDMwhereas translation of Lyz2 significantly increased in both macrophage populations (Figure 3D).

While significantly increased translation of Mif, Vim, Pf4 was observed in BMDM, there were no changes in translation of those transcripts in

FLDM. Finally, increased translation of B2m and Tyrobp and decreased translation of Ccl7 and Ccl2 in BMDMwas accompanied by the oppo-

site changes or trends in FLDM.

Canonical pathway analyses of hypoxia-induced translational changes linked responses to hypoxia with pathways for glycolysis I, phago-

somematuration, sucrose degradation andgluconeogenesis in BMDMand allograft rejection signaling in FLDM (Figure 3E; Table S2). Several

pathways (dendritic cell maturation, lipid antigen presentation by CD1, NK-signaling, CTL-mediated apoptosis of target cells, antigen pre-

sentation, and granulocyte adhesion and diapedesis) were shared by BMDM and FLDM, although they were represented by few transcripts

that were either regulated in different directions (translation of Tyrobp and B2m increased in BMDM and decreased in FLDM) or were distinct

(Fcgr3, Calr, Ccl5, Ccl6, PF4 in BMDM vs. Fcerg1, Ccl2, Ccl7 in FLDM).

Next, we determined the relationships between changes in translated vs. total poly(A) RNA by plotting hypoxia-induced Log2FC of total

vs. translated poly(A) RNA (Figures 4A and 4B). In BMDM, the Log2FC of translation of most transcripts correlated with the Log2FC of their

abundance. However, Ly6e and C5ar1 transcripts showed opposite relationships in their abundance and translation. In FLDM, the overall

A

B

C

D

E

Figure 3. Analyses of the changes in translated mRNA in BMDM and FLDM in response to hypoxia

(A) Scatterplot showing Log2FC of translated poly(A) in response to hypoxia. Protein-coding transcripts showing significant change in BMDM, FLDM, or both

macrophage populations are marked with colors. Spearman’s rank correlation (r) and the number of compared transcripts (n) are shown.

(B–D) (B) Heatmap of the mRNAs that displayed significantly increased or decreased translation in each macrophage subset. Log2FC scatterplots of translated

poly(A) RNA in BMDM vs. FLDM are shown for selected transcripts associated with cell metabolism (C) or immune (D) regulation. The data are mean Log2FC for

translated poly(A) RNA.

(E) Canonical pathways identified by analyses of the hypoxia-induced changes in translated mRNAs in BMDM and FLDM. The data are mean of 3 (BMDM) or 2

(FLDM) independently processed samples.
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Figure 4. Scatterplots of Log2FC of total vs. poly(A) transcripts in BMDM (A) and FLDM (B) after hypoxia

Only transcripts that showed significant change in abundance or translation in BMDM are shown in (A). In addition to the transcripts that showed significant

change in abundance or translation in FLDM, Log2FC values for Ly6e, Tpi1, Pgk1 and C5ar1 in FLDM are shown in black for comparison with BMDM.

Mitochondria encoded transcripts were excluded from both panels. The straight lines show linear regression for equal change in Log2FC representing a

model of equal change in mRNA abundance and translation. Translation efficiency for hypoxia-regulated transcripts in BMDM (C) and FLDM (D). Spearman’s

rank correlation (r) and the number of compared transcripts (n) are shown. Protein expression levels measured by flow cytometry and estimation of the

translation efficiency (calculated as the ratio of the change in protein abundance after CHX treatment to the corresponding mRNA abundance) for PGK-1

(E,F), Ly6e (G, H), and CD88/C5ar1 (I, J). Representative FACS plots, mean G SD and individual fold change in protein expression and translation efficiency

values of three independent experiments are shown. Nonparametric Kruskal-Wallis analyses of variance followed by Dunn’s multiple comparisons of the

experimental groups were carried out for data in E, G, and I (*, p < 0.05, n = 3). See also Figure S3.
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Log2FCof translation also correlatedwith the Log2FCofmRNAabundance. However, some transcripts (Prdx1, Cstb, C5ar1) displayed a trend

toward reduced translation despite increased abundance.

Calculating the ratio of specific transcripts in translated to total poly(A) fractions isolated from the same samples of homogeneous cells in

culture enabled effective measurement of changes in translation efficiency for those transcripts in response to hypoxia. Translation efficiency

for transcripts that were regulated by hypoxia BMDM and FLDM showed relatively strong correlation between normoxic and hypoxic condi-

tions (Figures 4C and 4D). In BMDM, hypoxia decreased the translation efficiency of C5ar1 and increased the translation efficiency of Ly6e. In

FLDM, exposure to hypoxia reduced the translation efficiency for several transcripts (Ccl2, Ccl7, Ccl4, Pfn1, Prdx1, Rps27l, and C5ar1).

To assess the impact of prolyl hydroxylase domain enzymes (PHDs) on changes in total and translated transcripts, as well as translation

efficiency, we treated BMDM with 0.1 mM dimethyloxaloylglycine (DMOG), a well characterized pan-PHD inhibitor. As expected, DMOG

induced the transcripts for glycolysis-associated enzymes (Pgk1, Tpi1, Ldha, and Gapdh), but did not impact the levels of mitochondrial

mt-Nd2 mRNA (Figure S3A). Using the L10a-EGFP TRAP assay followed by qRT-PCR, we also measured the Log2FC of total and translated

transcripts after treatment with DMOG or exposure to hypoxia. Although treatment with DMOG was more efficient than hypoxia to increase

total and translated Pgk1, Tpi1, Ly6e and PF4 (Figure S3B), both treatments had essentially identical effects on translation efficiency (Fig-

ure S3B). Translation efficiency of Tpi1 and PF4 transcripts was relatively low at baseline and changed little after hypoxia or DMOG treatment.

On the other hand, translation efficiency of Ly6e and C5ar1 was higher at baseline and showed similar upward trends after hypoxia or DMOG

treatment. Interestingly, while translation efficiency of Pgk1 appeared remarkably high at the baseline, it showed a downward trend after hyp-

oxia and DMOG treatment. Overall, these results suggest that inhibition of PHDs has similar effects on induction and translation of transcripts

in question.

To determine whether the assessments of translation rate and efficiency obtained by TRAP analyses correlate with protein synthesis, we

measured expression levels of PGK-1, Ly6e, and CD88 (encoded by C5ar1) by FACS in BMDM under normoxia and hypoxia conditions. Addi-

tion of the protein synthesis inhibitor cycloheximide (CHX) enabled us to determine the fraction of the newly synthesized proteins (i.e., trans-

lation rate) and, in combination with the specificmRNAquantification, to estimate the translation efficiency (Figures 4E–4J). Hypoxia exposure

did not appear to result in significant changes in expression of the proteins in question. However, treatment with CHX resulted in statistically

significant decreased levels of PGK-1, thus supporting the important role of protein synthesis inmaintenance of its expression under normoxic

and hypoxic conditions. Due to concerns that FACS analyses of PGK-1 protein may miss some of the specific signal, we performed immuno-

blotting (Figure S3D). Hypoxia led to a small increase in the dominant�45 kDa band corresponding to the predictedmolecular weight of full-

length PGK-1. Smaller molecular weight minor bands, likely representing PGK-1 degradation products, were also increased in intensity. The

combined densitometry signal showed a small (5–20%) increase when normalized to actin. Calculated translation efficiency (change in the

protein level after CHX treatment normalized to Pgk1 mRNA from parallel samples) was lower after exposure to hypoxia. In aggregate, these

data suggest that despite a significant induction of Pgk1 mRNA, PGK-1 protein levels only minimally rose in macrophages after exposure to

hypoxia. Ly6e and CD88/C5ar1 showed a trend toward decreased levels after CHX treatment, albeit not reaching statistical significance. The

estimated translation efficiency was variable from experiment to experiment and overall showed no change for PGK-1 and Ly6e with a trend

toward decrease of CD88/C5ar1 (Figures 4F, 4H, and 4J). FACS/qRT-PCR-based estimates of translation efficiency for Pgk1 and C5ar1 were

consistent with the TRAP-based estimates (Figures 4C, 4F, and 4J), but showed discordance for Ly6e. It is likely that heterogeneity of Ly6e

expression in BMDM interfered with accurate assessment of protein translation.

Effects of HuR deletion on hypoxia-induced changes in mRNA abundance and translation in BMDM and FLDM

To determine whether HuR regulates responses to hypoxia in BMDM and FLDM, we analyzed hypoxia mRNA profiles in BMDM and FLDM

isolated from Csf1riCreRosa26EGFP�L10a mice crossed to HuRfl/fl mice23 (Figure 5). Efficiency of HuR deletion in cultured macrophages ex-

ceeded 94% while hypoxia had minimal effects on HuR expression in WT cells (Figure S4). Deletion of HuR had a profound impact on the

hypoxia-induced changes in mRNA abundance and translation. Of the 23 transcripts that were upregulated or downregulated by hypoxia

in wild-type BMDM, only 8 transcripts showed a significant change in the same direction (Tpi1, Pkm, Ldha, Saa3, Lpl, mt-Nd1, mt-Nd2,

and mt-Cytb) in HuR-KO BMDM. While hypoxia resulted in significant changes in translation of 27 transcripts in wild-type BMDM, translation

of only 5 transcripts (Mif, Lgals1, Tmsb10, Prdx1, and Rps12) changed in the same direction in HuR-deleted BMDM. Of the 24 transcripts that

were either upregulated or downregulated by hypoxia in wild-type FLDM, only 5 transcripts (Ftl1, Lyz2, mt-Cyb, mt-Nd2, and mt-Nd6) were

significantly similarly affected in the HuR-KO FLDM. Remarkably, of the 9 transcripts that were differentially translated in response to hypoxia

in FLDM, only Fth1 showed a statistically significant decrease in translation in HuR-deleted FLDM. These results suggest that hypoxia-induced

changes in mRNA abundance and translation are dependent to a large extent on HuR.

Next, we analyzed the direction of the HuR-deletion on responses to hypoxia by focusing on transcripts that showed increased translation

in wild-typemacrophages. In BMDM, hypoxia-driven increases in both abundance and translation of Pgk1, Tpi1, Pf4, and Vimwere blunted by

HuR deletion (Figure 5B). On the other hand, deletion of HuR resulted in a slightly higher increase in Mif mRNA translation despite a less pro-

found increase in its abundance. Furthermore, HuR deletion slightly blunted increases in translation of Fcgr3, Ldha, and Ifitm2, but had an

opposite effect on hypoxia-induced changes in Fcgr3 and Ldha mRNA abundance. Most striking was the effect of HuR deletion on hypox-

ia-induced changes in Ly6e expression: although wild-type BMDM responded to hypoxia by increasing Ly6e translation with a trend toward

decreased abundance, HuR-deleted macrophages responded to hypoxia by reduction of Ly6e translation and a dramatic increase in abun-

dance (Figure 5C). In FLDM, HuR deletion blunted hypoxia-induced increases in Ccl7 and Ccl2 translation and abundance, but blunted trans-

lation of Lyz2 mRNA with minimal impact on its abundance (Figure 5D).
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Figure 5. Effects of HuR deletion in macrophages on abundance and translation of mRNA transcripts regulated by response to hypoxia

(A) Scatterplot showing Log2FC of total and translated poly(A) in response to hypoxia. Protein-coding transcripts showing significant change in wild-type, HuR-

KO, or both are marked with colors. Spearman’s rank correlation (r) and the number of compared transcripts (n) are shown.

(B) and (C). Effects of HuR deletion on select transcripts that showed significant increase in translation in BMDM.

(D) Effects of HuR deletion on transcripts that showed significant increase in translation in FLDM.

(E) BMDM- or FLDM-specific or shared mRNAs showing hypoxia-induced change in translation in HuR-dependent mode. Previously described HuR targets are

underlined in bold font. Asterisk (*) indicates increased translation in BMDM but decreased translation in FLDM.

(F) Enrichment of the transcripts in the HuR-RNA IP pulldown. The data aremean of 3 independently processed samples. The data in panel F are representative of

two independent experiments. See also Figure S4.
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In aggregate, RNA-seq translational profiling of wild-type and HuR-deleted BMDM and FLDM identified distinct mRNAs that are regu-

lated by HuR in response to hypoxia (Figure 5E). Within the shared subset, translation of Lyz2 increased in both cell populations, whereas

translation of B2m and Tyrobp increased in BMDM, but decreased in FLDM. The BMDM-specific, HuR-regulated subset of transcripts encode

enzymes involved in glycolysis, ribosomal proteins and regulators of immune responses. All FLDM-specific HuR-regulated transcripts iden-

tified in this study encode proteins with described immune functions, five of which previously have been shown to be targets of HuR regulation

in other cell types: Pgk1, Ctss, Ccl2, Ccl7, and Lgals3.41–44 Other transcripts may represent novel targets of regulation by HuR.

To determine whether HuRmay exert direct effects on the indicated transcripts, wemeasured HuR binding to the candidate transcripts by

carrying out RNA-immunoprecipitation (IP) followed by qRT-PCR assays (Figure 5F). Enrichment of the Pf4 and Ccl4 transcripts in the HuR

RNA-IP pulldown exceeded enrichment of Vegfa mRNA, another well described target of HuR in macrophages.23,45 Several transcripts

(Ccl2, B2m, Vim, Pgk1, and Ccl6) were also enriched in the HuR-RNA IP pulldowns, albeit at lower levels (Figure 5F). Others (Ccl7, Ly6e, Lgals3,

Lyz2, Ifitm2, Tyrobp, and Tpi1) were present in the HuR and isotype control RNA-IP complexes at similar levels (not shown), suggesting a

possible role of indirect mechanisms of regulation by HuR.

To demonstrate HuR-dependent, hypoxic regulation of gene expression in macrophages in vivo, we used our previously described HuRfl/fl

and LysM-cre mouse cross, achieving myeloid cell-specific HuR deletion in vivo,23 and employed the ear punch hole injury model.46–48 In this

model, the ear wound area reduces over time due to tissue repair, at times resulting in complete closure.46–48 Increased expression and acti-

vation of HIF-1a (tissue hypoxia-triggered) has been shown to induce wound repair in C57BL/6 mice.47 Consistent with prior studies,46–48 the

ear tissue surrounding the wound appeared inflamed and hemorrhaged at day 4 post-injury (Figure 6A). As inflammation receded after day 7,

the openwound area decreasedwith 4 out of 8WTmice showing complete closure by day 35. The openwound areawas significantly higher in

the myeloid HuR-KO compared to the WT mice and none of the 6 HuR-KO mice showed complete closure by day 35 (Figure 6B).

Tomeasure changes in mRNA and protein expression in response to the injury, we collected the inflamed ear tissue on day 4 post injury by

centering a 6-mm punch on the open wound. Intact contralateral ear tissue samples were collected with another 6-mm ear punch and pro-

cessed as controls. Ccl2, an HuR target that we observed in our macrophage profiling screen, was induced more than 2-fold in the inflamed

tissue in the WT, but not in the HuR-KO mice (Figure 6C). The effect was specific for Ccl2 mRNA, as Hif1a and Cd68 mRNA showed no

apparent induction and no difference between the WT and HuR-KO mice. Induction of Ccl2 mRNA in the inflamed tissue resulted in greater

abundance of Ccl2 protein in the WT, but not in the HuR-KO, mice (Figure 6D), supporting that macrophage HuR is required for induction of

Ccl2 mRNA and protein in response to (hypoxic) injury.

DISCUSSION

We characterized total and translated poly(A) RNA in differentiated macrophages of embryonic (FLDM) and adult (BMDM) origin at baseline

and after exposure to hypoxia at the whole transcriptome level. We expected to observe both similarities and distinctions between BMDM

and FLDM in translated mRNAs. Indeed, the mRNAs encoding macrophage-specific markers F4/80/Adgre1, Csfr1, CD14, and CD68 were

expressed and translated at high levels and did not change in response to hypoxia in BMDM and FLDM. Translation of the myeloid lysozyme

M (Lyz2) increased after hypoxia in both macrophage types. BMDM and FLDM responded similarly to hypoxia by decreasing abundance of

mitochondria-encodedmRNAs in the total poly(A) RNA. Augmented expression of transcripts encoding glycolytic enzymes, both at the level

of total poly(A) RNA and of translation, was statistically significant in BMDM and showed a similar trend in FLDM. Importantly, BMDM and

FLDM showed striking differences in the induction of chemokines and several other transcripts encoding immune regulators. While

BMDM increased translation of Ly6e, Ifitm2, Pf4, Fcgr3, Mif, Tyrobp, Ccl6, and Ccl5, and decreased translation of Calr, FLDM increased trans-

lation of Ccl2 and Ccl7 and decreased translation of Fcer1g, Lgals3, Tyrobp, and Fth1. Overall, these findings support our hypothesis that

embryonic and adult macrophages respond to hypoxia by changing translation of distinct mRNA subsets.

Application of the L10a-GFP TRAP assay in combination with RNA-seq of total poly(A) and ribosome-associated poly(A) RNAs enabled

assessment of translation rate and efficiency for specific transcripts. Given abundant posttranscriptional regulatory influences on mRNA sta-

bility and translation, we expected differences between hypoxia-induced total and actively translatedmRNA profiles. Increased or decreased

translation in response to hypoxia could be explained by similar changes in mRNA abundance for approximately one-third of transcripts

(10/29 in BMDM and 3/9 in FLDM). In FLDM, chemokines Ccl2 and Ccl7 were among the most induced transcripts, while also showing

increased translation. However, despite the significant induction of the transcripts for Ccl2, Ccl7, Prdx1, Pfn1, and Rps27l in FLDM, their trans-

lation efficiency seemed to decline after hypoxia (Figure 4D). It is possible that ribosome association of highly induced transcripts may lag

behind their transcription, similar to what was previously described for LPS-induced transcripts.33,49

Some the of the differentially translated transcripts showed opposite trends in their abundance (e.g., Ly6e in BMDM and C5ar1 in BMDM

and FLDM). Using an independent assay (combination of flow cytometry with CHX treatment and qRT-PCR), we validated the observation that

translation efficiency of C5ar1 is lower under hypoxia conditions (Figure 4J). This may explain why protein levels of CD88 (encoded by C5ar1)

did not increase despite a rather dramatic induction of C5ar1 mRNA. Those data suggest that C5ar1 could be a target of specific translation

repression under hypoxia and separate mechanisms regulating mRNA abundance and translation may be engaged in response to hypoxia.

Further studies will be necessary to determine the exact nature of the upstream regulators and their point of action, such as regulation of

transcription or mRNA turnover vs. translational control.

General protein synthesis is reduced under hypoxic conditions due to energy starvation.9,10 However, translation of a subset of transcripts

can not only proceed, but increase through formation of alternative translation initiation complexes dependent on binding of HIF-2a to

the hypoxia response elements at the 30UTR or cap-independent mRNA translation from the internal ribosome entry site (IRES).14–16 Since
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cap-independent translation requires L10a,50 the use of the EGFP-L10a TRAP for translational profiling may have enabled identification of

transcripts undergoing cap-independent translation. Several transcripts predicted to have an IRES in their 50UTR showed increased (Ly6e,

Tpi1, Ifitm2, Ldha, Mif, S100a, Ctss) or decreased (CD63, Calr) translation in BMDM or decreased (Cstb) translation in FLDM.

We examined how the RNA-binding protein HuR regulates mRNA abundance and translation in macrophage responses to hypoxia

(Figure 5). Using the same Csf1r-iCre driver as for the L10a-EGFP expression, we deleted HuR in differentiated macrophages and carried

out the L10a-GFP TRAP assays followed by RNA-seq. By comparing the hypoxia-induced changes in total and translated poly(A) in wild-

type vs. HuR-deleted macrophages, we identified transcripts that required HuR for differential translation (Figure 5). While several tran-

scripts, such as Pgk1, Ctss, Ccl2, Ccl7, and Lgals3, were previously described as direct targets of HuR in cell types other than macro-

phages,41–44 this study is the first to describe how they are regulated by HuR in embryonic vs. adult-derived macrophages in response

to hypoxia. Moreover, we identified 22 additional potential targets of HuR-dependent post-transcriptional regulation. Of those, 7 tran-

scripts (Pf4, Ccl4, Ccl2, B2m, Vim, Pgk1, Ccl6) appear to be direct targets of HuR as demonstrated by HuR binding assays (Figure 5F). Other

transcripts may apparently be regulated by HuR indirectly. The exact mechanism of the HuR-dependent regulation will be the subject of

future studies.

A

B C

D

Figure 6. Macrophage HuR dependence of Ccl2 mRNA and protein induction in a mouse model of tissue injury

(A and B) Representative images (A) andmeasurements of the wound area (B) after 2-mm ear punch. Individual animal data andmedianG95%CI are shown; n = 8

for WT and n = 6 for HuR-KO mice. Ruler scale = 1 mm.

(C) Abundance of Hif1a, CD68, and Ccl2 mRNA in the control ear tissue and the ear tissue in the area surrounding the ear punch hole (‘‘donut’’ obtained by

centering the 6-mm punch on the open wound) was measured by qRT-PCR on day 4 post injury. The data were expressed as fold change in the inured vs.

control samples (individual animal samples and medianG95%CI are shown); n = 5.

(D) Ccl2 (MCP-1) protein was measured by ELISA in the control and injured tissue samples collected as described above on day 4. Individual animal data and

medianG95%CI are shown; n = 3 for control and n = 4 for ear punch samples. Statistical analyses are marked by brackets with p values: two-way ANOVA

followed by �Sı́dák’s multiple comparisons between WT and HuR-KO in (B), Mann-Whitney non-parametric test in (C) and two-way ANOVA followed by

Tukey’s multiple comparisons test.
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Detection ofmitochondria-encoded transcripts in total poly(A) fractions (Figure 2) was not surprising, given thatmammalianmitochondrial

mRNAs are post-transcriptionally polyadenylated with approximately 55 A residues bymitochondrial poly(A) polymerase.51 Hypoxia-induced

downregulation of multiple mitochondria-encoded transcripts within the total poly(A) RNA pool in BMDM and FLDM most likely represents

mitochondrial dysfunction, as a universal response of the mitochondrial transcriptome to hypoxic conditions.52

The L10a protein used for affinity purification of the translated poly(A) RNA is a constitutive component of the 60S subunit, one of the sub-

units of the 80S ribosome.35 Since mitochondrial mRNAs are translated by the mitochondrial 55S ribosome without involvement of the 80S

ribosome,51 the translated poly(A) RNA pools should be depleted of mitochondrial transcripts. In fact, mitochondrial transcripts in the trans-

lated poly(A) pools were reduced by �50-fold when compared to the total poly(A) pools (Figure S1). It is likely that high abundance of mito-

chondria mRNA in macrophages may have resulted in a small contamination of the TRAP reactions.

While mitochondrial dysfunction in response to hypoxia was shared by BMDM and FLDM, hypoxia-induced activation of glycolysis path-

ways, as evidenced by increased abundance and translation of several mRNAs encoding glycolytic enzymes, was clearly preferential for

BMDM and indicates metabolic reprogramming. It remains to be determined whether translation of glycolysis-related mRNAs in FLDM at

baseline is sufficient to provide for increased glycolytic demands under hypoxic conditions. It is possible that activation of the HIF-1a pathway

by hypoxia in BMDM leads to transcriptional activation of Pgk1, Tpi1, Aldoa, and Ldha genes, with increased abundance of the corresponding

mRNAs leading to increase in their translation.We cannot rule out a possibility that the apparent dependence of increased Pgk1, Tpi1, Aldoa,

and Ldha on HuR expression is due, at least in part, to indirect effects of HuR on gene transcription, such as previously described stabilization

of Hif1a mRNA by HuR.

Hypoxia-induced changes in BMDM and FLDM mRNA translation included a number of mRNAs encoding immune regulators, although

the repertoire of those mRNAs was different between the macrophage types. Increased translation of RNAs encoding CC-chemokines Ccl7

and Ccl2 in FLDM is consistent with the previously described induction of alveolar macrophage Ccl2 in response to hypoxia in vivo,53 since

alveolar macrophages are largely FLDM-derived.54,55 Using a well-characterized ear punch model and conditional deletion of HuR in macro-

phages, we demonstrated that macrophage HuR is necessary for induction of Ccl2 mRNA and protein after injury (Figure 6). We used the

LysM-cre driver to delete HuR since it is more myeloid cell-specific than the Csf1r-iCre driver (reported to also be active in lymphoid cells).34

Ccl2 is necessary for proper wound healing56,57 and tissue repair after myocardial infarction.58 Dermal resident macrophages of apparently

embryonic origin are abundant in themouse ear59,60 and known to contribute to regulation of tissue homeostasis.61 Our findings in this model

are consistent with our macrophage screening results, supporting that HuRmediates repair functions of residentmacrophages through regu-

lation of gene expression in relatively hypoxic wounded tissues. Thus, it appears thatmacrophages of embryonic origin respond to hypoxia by

recruiting more myeloid cells via production of Ccl2 and Ccl7. This amplified inflammation could result in augmented injury but, in many set-

tings, such as wound closure, is important in the reparative process. On the other hand, BMDM showed increased translation of a functionally

different subset of chemokines (Pf4, Ccl6, and Ccl5). Our results suggest that the origin of macrophages determines the repertoire of newly

synthesized chemokines in response to hypoxia. These phenotypic and functional differences could be significant in the context ofmyocardial

ischemia or other organ responses to hypoxic injury in vivo. Most importantly, there may be opportunities to therapeutically exploit these

differences, thereby favoring production of protective factors from the myeloid population most highly localized to a given pathologic site.

Limitations of the study

Themain limitation of the studywas the need to isolate precursors and differentiate BMDMand FLDM in vitro fromdifferent (albeit genetically

identical) animals. To mitigate the risk, we carefully maintained identical cell culture conditions, using the same lots of the cell culture media

and supplements. In vitro differentiation under the same conditions, although necessary, may have reduced the differences in total and trans-

lated transcripts between the two macrophage populations. Another limitation was the need to isolate the samples from BMDM and FLDM

on different days. To avoid the potential risks of misinterpretation due to timing, we analyzed the responses to hypoxia as fold change (or

Log2FC) for translated and total RNA within each sample and within the group, avoiding direct comparison of the RNA-seq data (TPM) be-

tween BMDM and FLDM without normalization to internal controls.

The L10a-EGFP-based TRAP assay has been used to assess translation in multiple systems and enabled us to measure total and translated

poly(A) RNA in a single workflow, estimating transcriptome-wide translation efficiency. However, the inherent limitation of this approach is

that it measures only ribosome occupancy, one of several possible determinants of translation rate and efficiency. We used CHX inhibition

to block protein synthesis and measured specific protein amount with or without CHX by flow cytometry (PGK-1, Ly6e, CD88/C5ar1) and

immunoblotting (PGK-1) and the correspondingmRNA abundance by qRT-PCR to estimate translation efficiency. Considerable baseline pro-

tein levels for PGK-1, Ly6e, and CD88 with lack of protein level changes after exposure to hypoxia confounded our efforts to provide definitive

proof that hypoxia changed themRNA translation efficiency for those targets. Furthermore, we relied on assumption that hypoxia did not alter

the protein half-life for PGK-1, Ly6e, and CD88 but acknowledge that the analyses would bemore complex for proteins with half-lives affected

by hypoxia. Additional studies involving alternative approaches for directmeasurement of global and target-specific translation are necessary

to establish how hypoxia regulates translation efficiency of PGK-1, Ly6e, CD88 and of other targets identified in this report. That is, direct

assays for protein translation using pSILAC or O-propargyl-puromycin labeling of nascent polypeptides coupled with RNA-seq analyses of

total RNA may provide better assessment of translation efficiency.
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Antibodies

Pacific Blue� anti-CD11b (Rat, 1:50) BioLegend Cat # 101224, RRID: AB_755986

Alexa Fluor� 647 anti-F4/80 (Rat, 1:100) BioLegend Cat # 123122, RRID: AB_893480

Anti-HuR 3A2 (Mouse, 1:50) Santa Cruz Cat # sc-5261, RRID: AB_627770

PE anti-mouse CD88 (C5aR) antibody BioLegend Cat # 135805, RRID:AB_2067285

PE anti-mouse Ly-6A/E BioLegend Cat # 108107, RRID:AB_313344

Anti-PGK1 Antibody (14) Santa Cruz Cat # sc-130335, RRID:AB_2268001

Anti-PGK1 Antibody (clone W18295A) BioLegend Cat # 603251, RRID:AB_2910481

Anti-Actin Antibody (C-2) Santa Cruz Cat # sc-8432, RRID:AB_626630

Anti-Actin Antibody (rabbit mAb clone

ARC5115-02)

ABclonal Cat # AC048

Alexa Fluor� 680 donkey anti-rabbit ThermoFisher Cat # A10043

Alexa Fluor� 680 donkey anti-mouse ThermoFisher Cat # A10038

Alexa Fluor� 680 goat anti-rat ThermoFisher Cat # A21096

IgG2b, k Isotype control (Rat, 1:100) BioLegend Cat # 400627, RRID: AB_493561

IgG2a, k Isotype control (Rat, 1:100) BioLegend Cat # 400526

RRID:AB_2864284

Chemicals, peptides, and recombinant proteins

RPMI 1640 Medium ThermoFisher Cat # 11875119

HEPES solution Millipore Sigma Cat # H4034

2-mercaptoethanol Millipore Sigma Cat # M3148

1,2-diheptanoyl-sn-glycero-phosphocholine

(DHPC)

Avanti Polar Lipids Cat # 850306P

IGEPAL CA-630 Millipore Sigma Cat # I3021

Cycloheximide Millipore Sigma Cat # C7698

cOmplete�, Mini, EDTA-free Protease

Inhibitor Cocktail

Millipore Sigma Cat # 11836170001

RNAseOUT� Recombinant Ribonuclease

Inhibitor

Life Technologies Cat # 10777019

GFP-TRAP_MA Chromotek Cat # gtma, RRID:AB_2631358

Binding control Chromotek Cat # bmab, RRID:AB_2827548

Stainless Steel Beads 5 mm QIAGEN Cat # 69989

SureBeads� Protein G Magnetic Beads

1614023

Bio-Rad Cat # 1614023

Dimethyloxaloylglycine (DMOG) Cayman Chemicals Cat # 71210

Dimethylsulfoxide (DMSO) Millipore Sigma Cat # D2650

Precision Plus Protein Dual Color Standards BioRad Cat # 1610374

Intercept� Blocking Buffer LI-COR Cat # 927-70001

Blocking buffer for fluorescent western protein Rockland Cat # MB-070

Critical commercial assays

Direct-Zol RNA MiniPrep Plus Zymo Research Cat # R2073

iScript cDNA Synthesis Kit BioRad Cat # 1708891

Zenon�Alexa Fluor�Mouse IgG1 Labeling Kit ThermoFisher Cat # Z25008, RRID: AB_2736959
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RESOURCE AVAILABILITY

Lead contact

Further information and reasonable requests for resources and reagents should be directed to the lead contact, Dr. Jeffrey Bender (jeffrey.

bender@yale.edu).

Materials availability

This study did not generate any unique materials.

Data and code availability

This study did not generate any new code. RNA-seq data have been deposited to GEO with the identifiers listed below. Any additional in-

formation required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals, macrophage differentiation, and ear punch hole injury model

We purchased Csf1riCre (FVB-Tg(Csf1r-icre)1Jwp/J, stock # 021024), LysMcre (B6;129S4-B6.129P2-Lyz2tm1(cre)Ifo/J, Strain #004781) and

Rosa26EGFP:L10a (B6;129S4-Gt(ROSA)26Sortm9(EGFP/Rpl10a)Amc/J, stock # 024750) mice from the Jackson Laboratory and backcrossed

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ELISA MAX� Deluxe Set for Mouse

MCP-1/Ccl2

BioLegend Cat # 432704

FastStart Universal SYBR Green Master (Rox) Millipore Sigma Cat # 04913850001

Deposited data

BMDM TRAP-sequencing This paper GEO: GSE196517

FLDM TRAP-sequencing This paper GEO: GSE196966

Tools

Disposable biopsy punch 2-mm and 6-mm Integra Life Sciences 33-31 and 33-36

Experimental models: Cell lines

MH-S macrophage cell line ATCC CRL-2019

Experimental models: Organisms/strains

Cfs1r-iCre mice CFVB-Tg(Csf1r-icre)1Jwp/J The Jackson Laboratory Strain # 021024

LysMcre mice

B6;129S4-B6.129P2-Lyz2tm1(cre)Ifo/J

The Jackson Laboratory Strain #004781

EGFP-L10a mice B6;129S4-Gt(ROSA)

26Sortm9(EGFP/Rpl10a)Amc/J

The Jackson Laboratory Strain #024750

HuRfl/fl mice Elavl1tm1.1Bndr Zhang et al.23PMID: 22322302 MGI:5316082

Oligonucleotides

Please see Table S3.

Software and algorithms

HiSAT2 and Ballgown Pertea et al.62 https://daehwankimlab.github.io/hisat2/,

RRID: SCR_015530

DESeq2 Love et al.63 https://bioconductor.org/packages/release/

bioc/html/DESeq2.html, RRID: SCR_015687

FlowJo V7.6.5 FlowJo, LLC. https://www.flowjo.com/solutions/flowjo,

RRID: SCR_008520

GraphPad Prism version 9 GraphPad Software, Inc. https://www.graphpad.com,

RRID: SCR_002798

Ingenuity Pathway Analysis QIAGEN Bioinformatics http://www.ingenuity.com/products/

pathways_analysis.html, RRID: SCR_008653
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them to C57BL/6J genetic background to a total of 6 generations prior to establishing the cross of mice homozygous for both Csf1riCre

and Rosa26EGFP:L10a transgenes. To delete HuR in differentiated macrophages, we crossed Csf1riCreRosa26EGFP:L10a mice to HuRfl/fl mice

that were previously generated and maintained on C57BL/6J genetic background in our laboratory.23 We used the resulting

HuRfl/flCsf1riCreRosa26EGFP:L10a mice (8-12 week-old) to isolate HuR-KO BMDM or to establish timed breeding for isolation of embryonic

HuR-KO FLDM. HuR+/flCsf1riCreRosa26EGFP:L10a mice were used for control BMDM and HuR+/+Csf1riCreRosa26EGFP:L10a mice were used for

control FLDM. We used LysMcre cross to HuRfl/fl mice to achieving myeloid cell-specific HuR deletion as previously described.23 All breeder

mice and mice used for this study were routinely genotyped using protocols from the Jackson Laboratory or prior publication.23 When

possible, we used female and male animals at equal ratio for BMDM isolations and ear punch injury study to minimize bias to one sex. All

animal procedures were approved by Yale University IACUC.

We used previously established protocol for in vitro differentiation of BMDM from femur and tibia bones from 8-12 week-old mice

that were euthanized by cervical dislocation following anesthesia with isoflurane.64 We differentiated FLDM from single cell suspension

obtained from E14.5 embryonic livers. We confirmed the date of conception (D0) by identification of vaginal mucus plug in dam and

tracked progression of successful pregnancy by tracking changes in body weights. Dams were anesthetized by isoflurane and eutha-

nized by cervical dislocation. Embryonic age was confirmed by counting somite pairs in embryos after dissection. Fetal livers were

dissected and pooled from one litter into 10 ml of PBS supplemented with 10% FBS, mechanically dissociated by pipetting up and

down vigorously, before being filtered through a 40-mM cell strainer into a 50-mL conical tube and washed by centrifugation

(1500 rpm at 4�C for 5 minutes). To remover the contaminating red blood cells, we resuspended the pellets in 10 mL of ACK lysis buffer

(0.15 mM NH4Cl, 1 mM KHCO3, 0.1 mM EDTA) and incubated for 5 minutes prior to washing in 20 mL of FBS-supplemented PBS. Dif-

ferentiation of BMDM and FLDM was started from 3.5*106 cells/plate in 100-mm non-tissue culture treated plastic Petri dishes in 10 ml

of RPMI-1640 culture media supplemented with 10% FBS, 2mM L-glutamine, 100 U/ml penicillin/streptomycin, 10 mM HEPES, 50 mM

2-mercaptoethanol and 33% L-cell conditioned medium and proceeded for 6 days under identical conditions. Fresh culture medium

was added at day 3. Non-adherent cells were removed with change of medium at day 6. Macrophage differentiation and L10a-

EGFP expression were confirmed by observation of adherent cells and EGFP fluorescence using inverted microscope (Leica DM IRB)

equipped with DC350FX camera (Leica) and ImagePro software as well as by expression of macrophage-specific marker (F4/80) using

flow cytometry.

To model tissue injury and repair, we anesthetized animals with isoflurane, placed them into a supine position and punched through the

middle of the left ear using a sterile disposable 2-mm ear punch. We photographed the wounded ears from the rear of the anesthetized an-

imals with a backdrop of a ruler in the same plane as the ear immediately and on days 4, 7, 15, and 35 after the injury and measured the open

wound area using ImageJ software. Using a separate cohort of mice, we collected the tissue surrounding the open would and the control

tissue from contralateral intact ear from wild-type and myeloid HuR-KO mice euthanized on day 4 after injury. The collected tissues were

snap-frozen in liquid nitrogen and stored at �70�C until total RNA extraction into 300 ml TRI-Reagent (Zymo Research) or protein extraction

into 300 ml RIPA lysis buffer with 5-mm stainless still beads and TissueLyzer. The RNA samples were used for qRT-PCR, while cleared protein

samples were used to measure Ccl2 concentration by ELISA.

METHOD DETAILS

Hypoxia exposure

On day 7 of culture, cells were placed in a hypoxic modular incubator chamber (Billups-Rothenberg). Petri dishes containing cultured cells

were placed in the chamber. A ring clamp was used create an air-tight seal along the O-ring of the chamber. The tubing of the outlets

was unclamped and connected to a tank containing a mixture of 1% O2 and 5% CO2 balanced with nitrogen (Airgas East). The chamber

was gassed for 10-minutes before the tubing was disconnected from the tank and outlets quickly clamped. The hypoxia chamber was sub-

sequently placed in a 37�C incubator. Normoxic controls were concurrently incubated at 37�C. The duration of hypoxia was 18 h and the

chamber was re-gassed at 4-hour intervals.

Translating ribosome affinity purification (TRAP) and RNA isolation

We obtained the total and translated RNA pools using previously published protocol with minor modifications.65 At the conclusion of the

18-hour incubation under normoxia or hypoxia conditions, cells were treated with 100 mg/ml cycloheximide for 30 min, washed with ice-

cold PBS containing 100 mg/ml cycloheximide, and lysed in ice-cold lysis buffer (150 mM KCl, 10 mM MgCl2, 20 mM HEPES, 1% NP-40,

0.5 mM DTT, 100 mg/ml cycloheximide) supplemented with cOmplete� Protease and Phosphatase inhibitors (Roche), and 2000 U/ml

RNaseOUT� (ThermoFisher). Scraped lysates were precleared by centrifugation at 2000 g for 10 min at 4�C and the microsomal membranes

were solubilized by incubation in the presence of 30 mM 1,2-diheptanoyl-sn-glycero-phosphocholine (DHPC, Avanti Polar Lipids) for 5 min at

4�C. Insoluble fraction was removed by centrifugation at 20,000 g for 10 min at 4�C. The resulting lysates were used to isolate total RNA using

Direct-Zol RNAMiniPrep Plus (Zymo Research) or to affinity purify ribosomes with translated RNA using GFP-TRAP beads (magnetic agarose

beads coated with Alpaca anti-GFP VHH antibody, Chromotek). Incubation with the GFP-TRAP beads proceeded for 3 h at 4�C with

gentle end-over-end mixing in a tube rotator and was followed by three washes with high salt buffer (350 mM KCl, 10 mM MgCl2, 20 mM

HEPES, 1% NP-40, 0.5 mM DTT, 100 mg/ml cycloheximide). Translated RNA was eluted from the beads by incubation in TRIZOL and isolated

using Direct-Zol RNA MiniPrep Plus (Zymo Research).
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RNA aliquots were stored at �70�C and only thawed once to minimize RNA degradation. RNA Quality Control analysis was performed

using Agilent TapeStation 2200. Only samples with RNA Integrity Numbers >7 were used for subsequent analyses.

Immunoblotting

BMDM and FLDMwere differentiated and exposed to hypoxia as described above, rinsed with ice-cold PBS and lysed in 400 ml of lysis buffer

containing 1% Igepal (Sigma) and complete protease inhibitors. Scraped lysates were precleared by centrifugation at 14,000 g for 10 min at

4�C. We separated proteins in 4–20% precast gradient gels (Bio-Rad) and transferred them onto nitrocellulose membrane. After 1 h blocking

with the blocking buffer (Rockland), we probed the membranes sequentially with mouse anti-HuR (clone 3A2) and anti-actin primary anti-

bodies (both from SantaCruz) and with goat anti-mouse AlexaFluor� -680-conjugated secondary antibodies (ThermoFisher). We scanned

the blots with LICOR Odyssey system and analyzed the intensity of the bands with ImageStudio Lite software version 5.2.

HuR-RNA immunoprecipitation (IP)

Macrophage cell line MH-S (originally derived from a male mouse) was grown in RPMI-1640 medium supplemented with 10% FBS,

100 U/ml penicillin/streptomycin and 50 mM 2-mercaptoethanol. Following a wash in PBS by centrifugation, 40x106 cells were lysed

on ice in lysis buffer containing 1% Igepal, cOmplete� Protease and Phosphatase inhibitors, and 2000 U/ml RNaseOUT. Scraped lysates

were precleared by centrifugation at 14,000 g for 10 min at 4�C and divided into input (10% of the volume), HuR IP (45%), and isotype

control IP (45%). Corresponding antibodies (anti-HuR clone 3A2 or isotype control IgG1k) were added to the IP reactions (4 mg/ml). After

incubation at 4�C with rotation for 2 h, washed SureBeads� Protein G magnetic beads were added to the IP reactions (50 ml) and in-

cubation continued with rotation at 4�C for additional 1 h. Beads were washed 4 times with NT2 buffer (50 mM Tris-HCl pH 7.4, 150 mM

NaCl, 1 mM MgCl2,0.05% Igepal). Input, which was marinated on ice for the duration of the immunoprecipitation, and the IP reactions

were used to isolate RNA and qRT-PCR.

qRT-PCR

Between 100 and 200 ng of total RNA (measured by NanoDrop) was used to generate cDNA with iScript cDNA Supermix kit (Bio-Rad).

The resulting cDNA was diluted 10-fold and used for qPCR analyses using custom-designed primers and FastStart SYBR Green Master

mix (Roche/SigmaAldrich) in CFX96 Real-Time PCR detection system (BioRad). Meltcurve analyses, no reverse-transcriptase and no tem-

plate controls were used to exclude primer-dimers and non-specific amplification from residual genomic DNA. The results were quan-

tified using DCq method, normalized to reference transcripts (Hprt), and expressed as relative expression or fold change to control

samples.

Flow cytometry analyses and measurements of mRNA translation efficiency

Adherent macrophages were washed with PBS and incubated in 10 mM EDTA in PBS for 10 min at 4�C to bring them into suspension by pi-

petting. Cells were washed with FACS buffer (3% FBS, 0.1% sodium azide in PBS) prior to blocking the Fc receptors with Fc Block� (BD Bio-

sciences) and surface stainingwith conjugated antibodies (CD11b-Pacific Blue�, F4/80-AlexaFluor� 647, Ly6e-PE, CD88-PE, and correspond-

ing isotype controls) with antibodies on ice for 30min. The cells were washed 3 times with cold FACS buffer prior to acquisition or fixation. For

intracellular staining, the cells were fixed and permeabilized with eBioscience� Foxp3 Transcription Factor Staining Buffer set and incubated

with anti-PGK antibody or IgG1k isotype control labeledwith AlexaFluor� 647 using Zenon� IgG1 kit (ThermoFisher). Permeabilization buffer

was used for 3 washes prior to acquisition. Yale Flow Cytometry Core BD LSR II or BD LSR Fortessa with FACS Diva software were used to

acquire fluorescence signal for single cells based on gating for forward and side scatter. Subsequent analyses of cell populations were per-

formed using FlowJo software (v. 7.6.5).

For assessment of mRNA translation efficiency, parallel cultures of macrophages were treated with 10 mg/ml cycloheximide (CHX) or

vehicle control (0.1% DMSO) prior to exposure to hypoxia. Cells were harvested as described above. One half of the cell sample was

used for FACS analyses and the other half was used for RNA isolation and qRT-PCR. Translation rate for each target was calculated as follows:

(MFIcontrol-MFICHX)/MFIcontrol, where MFI is the geometric mean fluorescence intensity in the vehicle control or CHX-treated samples; in both

cases after subtraction of the backgroundMFI from the isotype control. Translation efficiencywas calculated by dividing the translation rate by

the relative abundance of the correspondingmRNA,measured by qRT-PCR. A scaling factor was applied for each target tomaintain the scale

similar to the TRAP RNASeq data at normoxia.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-seq analyses

Total and translated RNA pools were used to prepare poly(A)-enriched cDNA libraries using standard protocol for BMDM and low input pro-

tocol for FLDM. Multiplex (8 samples/lane) paired-end (75 bp) sequencing was carried out using Illumina HiSeq 2500 at Yale Center for

Genome Analyses. Raw sequencing data were trimmed for quality and aligned to the Mus musculus reference genome GRCm38 using

HiSAT. The alignments were processed using Ballgown, and per-gene counts were obtained. The raw counts were initially processed using

DESeq2 and R.
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Subsequent analyses used Transcripts Per kilobaseMillion (TPM) as ameasure ofmRNA abundance in total and translated poly(A) samples

and Log2 fold change (Log2FC) to determine the effects of hypoxia within the related samples. Log2FC were compared usingmultiple t tests

with false-discovery rate (FDR) approach determined by the two-stage step-up method of Benjamini, Krieger and Yekutieli to identify tran-

scripts that significantly increased or decreased in response to hypoxia based on desired FDR Q = 1%. Statistical analyses of the samples

derived from BMDM and FLDM were performed separately. Only the protein coding transcripts showing statistically significant fold change

(Log2FC> 0.263 or Log2FC<�0.263) in response to hypoxia were used for subsequent analyses. The resulting lists of transcripts differentially

expressed or translated in response to hypoxia were displayed and analyzed using BioVenn web application66 and Ingenuity Pathway Ana-

lyses (QIAGEN).
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