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Fig. S1. A. Mouse liver cell subpopulations and cell-type specific markers. A. UMAP displaying clusters of liver 
nuclei clusters based on 15,573 single-nuclei transcriptomes integrated from all four snRNA-seq samples, two 
control liver and two TCDD liver snRNA-seq samples (biological replicates). Cell count values for each cell type 
and for each condition (C: control; T: TCDD) are indicated in square brackets. B. Dot plot showing average 
expression values for marker genes (shown on X-axis) across the eight hepatic cell clusters (identified on y-axis) 
for liver nuclei aggregated from all 4 samples -- control and TCDD. 
 
Fig. S2. Gene induction and gene repression responses to TCDD . Shown are bar plots indicating the total 
number of up regulated (green) and down regulated genes (red). (A), all genes, (B) protein-coding genes, 
and (C) lncRNA genes, in each of the 8 indicated liver cell types, at |fold-change| >4 and FDR <0.05. Many 
fewer genes were up regulated than were down regulated in several of the NPC clusters. (D) Pie charts 
showing numbers of lncRNAs and protein-coding genes that are differentially expressed in TCDD-exposed 
vs control liver in hepatocytes only, in non-parenchymal cells (NPCs) only, or is both hepatocytes and NPCs 
based on data shown in Table S1, columns AO and AP.  
 
Fig S3. Violin plots and feature plots showing expression data for select TCDD-responsive genes. A. Violin 
plots for Cyp1a1, a classic TCDD/Ahr response gene that is strongly induced by TCDD in multiple liver cell 
types, and for two lncRNAs whose expression is highly inducible in cholangiocytes but not in other liver cell 
types. B. Feature plots showing expression data for two lncRNAs that are highly induced by TCDD in 
hepatocytes but not in other cell clusters. Expression data is presented superimposed on the UMAP of cell 
clusters shown in Fig. S1A, where the individual cell clusters are identified. C. Expression data for lncRNAs 
repressed by TCDD. Top panel of C, violin plots showing combined average expression values for 13 
lncRNAs repressed by TCDD across multiple liver cell types (Table S1C; lnc35408, lnc10883_Serpina3h, 
lnc12772_AC118710.3, lnc17117_C730036E19Rik, lnc19880, lnc19881, lnc19883, lnc23635, 
lnc3297_Gm12909, lnc34452, lnc38016, lnc7809_Gm47465, lnc9497). Middle panel of C, violin plots for 2 
of the 13 lncRNAs, lnc10883 and lnc17117, which reveals these lncRNAs are most highly expressed in 
hepatocytes and in Kupffer cells. Repression also occurs in the other cell types, but the level of expression 
in the other cell types is too low for visualization on the scale of these violin plots. Bottom panel of C, 
feature plots, as described in panel B, for the same two lncRNAs shown in the middle panel of C. 
 
Figure S4. Transcription factor (TF) superfamilies dysregulated by TCDD exposure. Bar plot showing 72 TF 
families comprising a total of 238 differentially expressed TFs (one TF, Nr4a1, was excluded as it did meet 
significance in the analysis of separated hepatocyte populations presented in Table S3C; see note in that 
table legend). TF family classification was based on the DNA-binding domain. Red bars mark TF families that 
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were significantly enriched compared to a background set of TFs from the full AnimalTFDB list (Table S3B) 
that are not differentially expressed at p <0.05, based on Fisher’s exact test. Numbers above each bar, 
numbers of TFs in the family whose expression was altered by TCDD. The total number of TFs in each family 
is shown in parentheses along the Y-axis. The THR-like family includes 20 of the 49 NRs shown in Fig. 3. 
 
Figure S5. Venn diagram of the number of network-essential genes in control and in TCDD-exposed liver 
networks. See Table S5B for full listings. 
 
Figure S6. Clustering of 40 network-essential lncRNAs from the control liver gene regulatory network. 
Protein-coding gene targets that make direct connection with regulatory lncRNAs in the control liver network 
of Fig. 6A were provided as input to Metascape to obtain top functional enrichment terms based on -log10 (P-
value). The color scale represents -log10(P) values, with darker purple coloration indicating more significant p-
values. Two-way hierarchical clustering of the functional enrichment heatmap split the 40 lncRNAs into 3 
clusters (columns colors) based on their patterns of shared functions. Target genes of lncRNAs from the yellow 
cluster were enriched for metabolic processes and lipid homeostasis, while the other 2 major functional 
clusters (blue, green) were primarily enriched in collagen biosynthesis, cell-cell adhesion, signaling and 
extracellular matrix and morphogenesis, as shown. Bottom: subnetwork of the network shown in Fig. 6A. This 
subnetwork is comprised of the 40 of the 41 network-essential lncRNAs regulatory lncRNAs and their target 
genes, which clustered to give gene modules that mirror the clustering results obtained for the same lncRNAs 
based on their functional group enrichments, shown on top. [Note: the gene targets of 1 of the 41 lncRNA did 
not yield any enriched pathways; it was therefore excluded from the heatmap]. The subnetwork was derived 
from the network in Fig. 6A by removing all protein-coding gene regulators and their gene targets, and by 
retaining regulatory lncRNAs and their direct protein-coding genes connections, which were then used as input 
for the functional enrichment analysis shown at the top. The regulatory lncRNAs (nodes) at the bottom are 
color coded to match the lncRNA cluster colors shown in the heat map. 
 
Figure S7. Clustering of 57 network-essential lncRNAs from the TCDD-exposed liver gene regulatory network. 
Analysis of regulatory lncRNAs from the TCDD network of Fig. 6B, as described in Fig. S6. Two-way hierarchical 
clustering identified 3 clusters of regulatory lncRNAs, whose target genes were enriched for the pathways and 
biological processes shown at the right. Bottom: subnetwork of the TCDD network shown in Fig. 6B and 
obtained as described in Fig. S6. 
 
Figure S8. Combined clustering of 97 network-essential lncRNAs from control and TCDD-exposed liver 
networks. Shown is a merged functional enrichment heatmap showing the top enriched terms (as rows) for 
genes targets of all regulatory lncRNAs (as columns) from the control and TCDD-exposed liver networks 
combined and analyzed as described in Fig. S6. This figure indicates that the target genes of the regulatory 
lncRNAs of the control and TCDD liver networks largely have different enriched functional terms. 
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