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The hypoxia-inducible factors (HIF)-1α and HIF-2α are often co-expressed in cancer cells, apparently with a mutually inhibitory pattern. However, it is still unclear whether stabilized HIF-1α and HIF-2α proteins simultaneously occur in the same cell. It is also unclear whether typical isoform-specific/preferential cancer target genes of HIF-1 (e.g., carbonic anhydrase 9, CAIX) and HIF-2 (e.g., plasminogen activator inhibitor 1, PAI-1) are hypoxically co-induced in the same cell. To answer these questions, single mRNA molecules were detected and quantified by single-cell (sc) mRNA fluorescence in situ hybridization (mRNA-FISH). We first confirmed mutual inhibition in MCF-7 breast carcinoma cells by demonstrating that in hypoxia when one of the HIFα isoforms is knocked-down, the other isoform is increased. To answer the question of whether a single-cell can functionally co-express both isoforms with equal efficiency, the HIF-1 and HIF-2 dependent target gene "transcript patterns" under normoxic (normal air) and hypoxic (0.2% O2) conditions were determined by mRNA-FISH. Interestingly, both HIF-1α and HIF-2α mRNA displayed a very weak correlation, and their targets CAIX and PAI-1 showed an inverse correlation on the sc-level. HIF-2α mRNA and HIF-2 target genes showed an unexpected high cell-to-cell variability. A similar sc-heterogeneity was observed in Kelly neuroblastoma cells. The heterogeneity index (hi) was calculated from cumulative histograms as a fractional value of the area under the curve vs. a perfectly homogeneous distribution (hi min. = 0; hi max. = 1). While the hi for housekeeping genes typically was in the range of 0.40 to 0.45, the HIF-2 target gene PAI-1 showed an extreme sc-heterogeneity (hi = 0.99) in hypoxic MCF-7 cells. HIF-2α mRNA itself was less heterogeneously distributed (hi = 0.61) and alone cannot explain the PAI-1 sc-heterogeneity. Similarly, the HIF-1 target CAIX showed a higher sc-heterogeneity (hi = 0.88) than HIF-1α itself (hi = 0.55). Knockdown of HIF-1α in MCF-7 cells led to a decrease in the PAI-1 sc-heterogeneity (hi = 0.98) and an increase in number of cells expressing this gene. To corroborate these results, HIF-1α and HIF-2α knockout MCF-7 clones have been generated by CRISPR-Cas9 technology. In conclusion, we uncovered an unexpected sc-heterogeneity of hypoxia-inducible HIF target gene expression in various cell lines, which cannot be explained by HIF-α isoform sc-heterogeneity alone.
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