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Abstract 23 

Current scRNA-seq studies of solid tissues mostly rely on enzymatic dissociation of fresh 24 

samples or the fallback on nuclei isolation from frozen or partially fixed samples. However, due to 25 

the complex tissue organization or cell fragility, it could be challenging to apply these approaches to 26 

the sensitive endocrine tissues. That is, dissociating intact cells from such problematic fresh-frozen 27 

samples routinely collected by biobanks remains challenging. 28 

In this study, we adapted the acetic-methanol dissociation method – ACME High Salt 29 

(ACME HS) to effectively isolate intact single cells from fresh-frozen endocrine tumor samples, 30 

including adrenal gland neoplasms, thyroid carcinomas, and pituitary neuroendocrine tumors. We 31 

compared the ability of enzymatic, ACME HS, and nuclear isolation methods to preserve the integrity 32 

of major cell types and gene expression across 41 tissue samples of different origins. We 33 

demonstrated that ACME HS simultaneously dissociates and fixes cells, thus preserving morphology 34 

and a high RNA integrity number in problematic cell types. This finding renders the ACME HS 35 

dissociation method a valuable alternative in scRNA-seq protocols for challenging tissues where 36 

obtaining live cell suspension is difficult or impossible. 37 

Keywords: scRNA-seq; cell dissociation; fresh-frozen tissue; fixed single cell; human 38 

endocrine glands. 39 
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Background 49 

Recent advances in single-cell RNA sequencing (scRNA-seq) have dramatically expanded 50 

our understanding of the cellular complexity and heterogeneity of human tissues, including the 51 

endocrine glands[1],[2],[3]. However, further progress in this field struggled with the incomplete 52 

molecular characterization of the particular cell types being responsible for the functional complexity 53 

of human endocrine tissues. One of the most problematic issues in the scRNA-seq profiling of human 54 

tissues that significantly impacts the biological relevance of the ultimate data is the sample 55 

preparation step. In that, the most commonly used immediate processing of freshly isolated tissues is 56 

extremely poorly integrated in the clinical logistics of tedious surgical procedures and subsequent 57 

surgical pathology assessments. This issue is particularly important in the context of the inherent 58 

problems in obtaining the high-quality single cell suspensions from solid tissues, requiring complex 59 

disaggregation/dissociation steps while preserving the high cellular yield and viability, unbiased 60 

cellular contents, transcriptional profiles, cellular states etc. Indeed, the suboptimal procedures being 61 

employed for tissue collection, storage, and, particularly, disaggregation/cell dissociation, the 62 

procedures being associated with the excessive mechanical stress, suboptimal temperature 63 

conditions, prolonged enzymatic digestion, and the loss of the original tissue context, have been 64 

reported to dramatically distort the resulting scRNA-seq data and may even result in cell type 65 

misclassification[4],[5]. 66 

Since the late 1970s, when the first methods for the disaggregation of solid tissues were 67 

described[6],[7], a variety of protocols utilizing mechanical, enzymatic, and chemical methods of 68 

dissociation (and combinations thereof) have emerged[8],[9]. Probably the most popular approach 69 

for obtaining single cell suspensions for scRNA-seq is enzymatic digestion implying the incubation 70 

of gross tissue samples with various collagenases at 37℃ as a key step. However, a number of studies 71 

have demonstrated that the employment of these techniques is associated with the profound activation 72 

of the stress signaling pathways and increased cell death, resulting in a significant bias in the scRNA-73 

seq profiles[5],[10]. Such undesirable effects may be largely diminished via employment of the so-74 
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called “cold” dissociation techniques with a cold active protease (6 °C)[11], however, at the cost of 75 

less efficient target cell dissociation[12]. 76 

Furthermore, the enzymatic dissociation of normal and diseased endocrine tissues may be 77 

particularly challenging due to a number of confounding structural issues, such as a high lipid content 78 

in the normal adrenal cortex and adrenocortical neoplasia, or extensive stromal/capsular fibrosis and 79 

calcifications in the well-differentiated thyroid tumors. Single-nucleus RNA sequencing (snRNA-80 

seq) protocols being compatible with the use of the fresh-frozen tissue samples may be successfully 81 

employed to overcome these limitations[10],[13]; however, at the cost of the loss of a significant 82 

amount of the mature cytoplasmic mRNA, resulting in a lower coverage and poor representation of 83 

the rare cell types[14]. 84 

Each of the abovementioned approaches contributes to the emergence of a variety of artifacts 85 

related to the distortion of the transcriptional profiles of individual cells[12], an issue that must be 86 

explicitly addressed in the process of the ultimate data analysis[15]. For example, the immediate-87 

early response genes (e.g., the members of the FOS and JUN gene families) are primary candidates 88 

for changing their expression during single-cell dissociation at 37°C. Artifactual changes in gene 89 

expression patterns were investigated by comparing the transcriptional profiles of cryopreserved and 90 

living cells or methanol-fixed and living cells obtained from tissue dissociation using cold-active 91 

protease and enzymatic digestion at 37 °C. This study showed that cold-active proteases dramatically 92 

reduce the number of scRNA-seq artifacts in the mouse kidney[16]. However, addressing of these 93 

issues remains rather fragmentary and limited to certain tissue types and protocols, so numerous 94 

artifacts still need to be confidently addressed. 95 

Many of the limitations of the currently employed techniques may be potentially overcome 96 

via simultaneous tissue dissociation and cell fixation, the procedure being capable of maintaining a 97 

high RNA Integrity Number (RIN) while minimizing the sample preparation-related distortions in 98 

the transcriptional profiles. Recently, García-Castro et al.[17] introduced such a protocol whose 99 

prototype may be tracked back to the end of the 19th century[18],[19], when Schneider reported the 100 
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so-called “maceration” technique. In its contemporary variant, named ACME (ACetic (acid)-101 

MEthanol), this technique reportedly produces the high-quality suspensions of fixed single cells from 102 

planarians, D. melanogaster, D. rerio, and M. musculus tissues, the suspensions maintaining the high-103 

integrity RNA that may be further successfully cryopreserved using DMSO[17]. 104 

Here we extensively optimized and successfully implemented the unique ACME High Salt 105 

(ACME HS, see Methods) protocol for the single-cell transcriptomic analysis of human neoplastic 106 

endocrine tissues represented by tumors arising from the adrenal medulla, adrenal cortex, pituitary 107 

gland, and thyroid follicular cells. We also compared our modified ACME HS and enzymatic 108 

dissociation methods for scRNA and nuclei isolation for snRNA profiling in terms of the number of 109 

the cells/nuclei recovered, RNA integrity, aligning of the resulting scRNA/snRNA data with the 110 

reference organ-specific profiles, and representation of the specific cell types. 111 

We clearly demonstrated that scRNA profiling of single cell suspensions obtained using 112 

both methods significantly outperformed snRNA profiling in terms of marker genes expression 113 

analysis and tumorgenesis while demonstrating in-between comparable performances in virtually all 114 

implemented analyses. Additionally, the modified ACME HS protocol allows successful 115 

cryopreservation of dissociated/fixed cells without sacrificing the mRNA yield and integrity. To our 116 

knowledge, this is the first report on successful implementation of the ACME HS technique in 117 

primary human tissues, and we believe that this protocol should significantly promote the scRNA 118 

studies in humans that are to be explicitly compliant with the real-life infrastructure and logistics of 119 

the surgical care centers. 120 

Results 121 

ACME HS-based dissociation of endocrine tumor samples produces fixed cells with high RNA 122 

integrity and preserved morphology 123 
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Using the adrenocortical tumor sample, we demonstrated the morphology and found that the 124 

RNA integrity of ACME HS-dissociated adrenocortical cells was well-preserved. For ACME HS 125 

dissociation, a fresh adrenocortical tumor was previously cryopreserved in a biobank (Fig. 1d, 1 day) 126 

and the cell suspension obtained the next day was divided into 7 aliquots (6 aliquots for the RNA 127 

integrity number (RIN) calculation and one aliquot for microscopy). Enzyme-dissociated cells were 128 

obtained from the same fresh adrenocortical tumor (Fig. 1d, 0 days) and were also divided into 7 129 

aliquots.  130 

Single cells were isolated from tissue samples using ACME HS and enzymatic dissociation 131 

methods, freshly or followed by cryopreservation in 3xSSC*10% DMSO and methanol cell fixation, 132 

respectively (Fig. 1a, Additional file 2: Table S1). The key adaptations of the ACME HS method 133 

were the supplement of the solution composition with 0.1M NAC and the introduction of additional 134 

washing steps in cold high salt 3xSSC* buffer. ACME dissociation was conducted in ~ 1 hour on a 135 

rotator at room temperature, with periodic pipetting of the solution. Afterward, we removed the 136 

ACME solution and washed the pellet with a two-step washing in cold 3xSSC* (see Methods for 137 

details). 138 

Total RNA extracted from freshly prepared cell suspensions (0 days) showed that the RINs 139 

for cells obtained through the ACME HS dissociation method and enzymatic digestion, were 140 

approximately the same, at 7.6 and 8.3, respectively. The two major ribosomal RNA subunits, 18S 141 

and 28S, were determined (Fig.1 b, с). Similar RINs scores of RNA were estimated for cells obtained 142 

from adrenal medullary tumor, thyroid carcinoma and pituitary neuroendocrine tumor (PitNET) 143 

samples (Additional file 1: Figure S1b). The obtained RIN scores were compared with the RIN 144 

score (9,8) of undissociated adrenocortical tumor (control) (Fig. 1b).  145 

Next, we visualized freshly prepared dissociated adrenocortical cells (0 days) by bright field 146 

and confocal microscopy. We found that the cells preserved their morphology and exhibited minimal 147 

aggregates and debris (Fig. 1e). Microscopy was also performed for thyroid cells and one replicate 148 

of adrenocortical cells (Additional file 1: Figure S2b). 149 
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150 

Fig. 1: Comparison of RNA integrity, morphology, and storage of ACME HS and enzyme-dissociated 151 

adrenocortical cells. a. Schematic representation of a workflow for single-cell or single-nuclei processing 152 

and analysis of fresh and fresh-frozen tissues (created with BioRender.com). b. Gel image of isolated total 153 

RNA from cryopreserved ACME HS-dissociated adrenocortical cells after 1,3,7,14, and 28 days of freezing 154 

at -80°C, and of freshly isolated adrenocortical cells kept at +4°C (0 days). c. Gel image of isolated total RNA 155 
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from adrenocortical cells obtained by the enzymatic dissociation and fixed in 80% methanol after 1, 3, 7, 14, 156 

and 28 days of freezing at -80°C, and of freshly isolated cells kept at +4°C (0 days). d. RNA integrity of fresh-157 

frozen adrenocortical tumor, from which ACME HS-dissociated cells (Fig. 1b) were obtained. e. Bright field 158 

(BF) and confocal fluorescence microscopy images of freshly isolated ACME HS and enzyme-dissociated 159 

adrenocortical cells stained with Hoechst 33342 (blue) and anti-CYP11B1 antibody (red), showing single cells, 160 

aggregates, and debris. 161 

To identify adrenocortical cells, we stained the fixed cells with Hoechst 33342 and an anti-162 

CYP11B1 (11β-hydroxylase) antibody conjugated with Alexa Fluor 594 (Fig. 1e, Additional file 1: 163 

Figure S2b). CYP11B1 is localized in the inner mitochondrial membrane and is normally expressed 164 

in the zona fasciculata of the human adrenal cortex[20]. We observed intense immunofluorescence 165 

of CYP11B1 (red) in ACME HS-dissociated adrenocortical cells, unlike in cells isolated using 166 

enzymatic digestion. This difference could be attributed to the prolonged permeabilization of cell 167 

membranes with methanol during the ACME HS protocol. The voids formed in the nuclei of 168 

adrenocortical stained cells are likely associated with their functional ability to efflux the DNA 169 

binding dye Hoechst 33342, resulting in the so-called side population (SP)[21]. Thyroid follicular 170 

cells were also visualized by staining fixed cells with Hoechst 33342 and an anti-TSHR (TSH 171 

receptor) antibody conjugated with Alexa Fluor 594 (Additional file 1: Figure S2b). 172 

ACME HS-dissociated cells can be cryopreserved and stored 173 

A key disadvantage of commonly used enzymatic digestion methods is that freshly isolated 174 

tissues are extremely poorly integrated in the clinical logistics of surgical procedures. Importantly, 175 

enzyme-dissociated cells can only be cryopreserved or fixed after dissociation, typically with DMSO 176 

or methanol. Under such protocols, however, cells remain outside their extracellular space, for an 177 

extended period, and fixation in methanol leads to further structural changes and artifact introduction. 178 

Additionally, some economic constraints are associated with the need to fully load the Chromium 179 

Next GEM chip with eight samples for cell capture and barcoding. 180 
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The method we used made it possible to freeze the fresh tissue sample for subsequent 181 

ACME-HS dissociation. Since the ACME HS method simultaneously carries out tissue dissociation 182 

and cell fixation, the resulting suspensions can be cryopreserved for subsequent analysis[17]. To 183 

confirm that the ability of cryopreserved of ACME HS-dissociated cells in 3xSSC* and 10% DMSO 184 

allows to maintain RNA integrity, we compared ACME HS-dissociated cells after various freeze 185 

periods. 186 

We sequentially extracted total RNA from 6 aliquots of ACME HS and 6 aliquots of 187 

enzyme-dissociated cells obtained from the same adrenocortical tumor (Fig. 1d) at different time 188 

intervals, starting from the moment of the freshly prepared single-cell suspension (0 days) and after 189 

1, 3, 7, 14, and 28 days of cryopreservation and methanol fixation (Fig. 1b, c). The obtained RIN 190 

scores were compared with the RIN scores of the control (Fig. 1b). 191 

We observed that the RNA integrity of ACME HS-dissociated cells was maintained during 192 

the cryopreservation in 3xSSC* and 10% DMSO over the specified time intervals (1, 3, 7, 14, and 193 

28 days). RIN was measured in each case giving a score ~ 6.7 (Fig. 1b). As a result, the 194 

cryopreservation of ACME HS-dissociated cells obtained from adrenocortical tumor as well as 195 

adrenal medullary tumor, thyroid carcinoma and PitNET in 3xSSC*/10% DMSO maintains RNA 196 

integrity for subsequent scRNA-seq analysis (Fig. 1b, Additional file 1: Figure S1). Furthermore, 197 

the RNA integrity of cryopreserved ACME HS-dissociated adrenocortical cells after six months of 198 

storage was 5.9 (Additional file 1: Figure S2a). The RNA integrity of the dissociated cells obtained 199 

from PitNET was estimated for only two time intervals (0 days and 1 day) due to the small size of 200 

the tissue sample. 201 

However, the RIN of enzyme-dissociated adrenocortical cells fixed in 80% methanol 202 

decreased over the specified time intervals (1, 3, 7, 14, and 28 days). The observed degradation of 203 

ribosomal RNA was reflected in the reduction of signal intensity or its complete absence for both 204 

ribosomal peaks (18S and 28S) (Fig. 1c, Additional file 1: Figure S1b). 205 

The RNA integrity of a fresh-frozen adrenocortical tumor samples after 1, 3, 7, 14, and 28 206 
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days of freezing at -80°C ranged from 9.3 to 9.0. No discernible patterns in the change of RIN score 207 

over time were identified (Fig 1d). The obtained RIN scores indicated the suitability of the material 208 

for subsequent dissociation using the ACME HS method. 209 

Flow cytometry reveals heterogeneity of ACME HS and enzyme-dissociated endocrine samples 210 

Flow cytometry was used to assess the quality of ACME HS and enzyme-dissociated 211 

samples. We analysed various tissues, including adrenocortical tumors, adrenal medullary tumors, 212 

thyroid carcinomas, and PitNETs. We compared the amount of debris, aggregates, and single cells 213 

obtained by the two protocols of tissue dissociation – ACME HS and enzymatic. (Fig. 2, Additional 214 

file 1: Figure S3, replicate 1-3). It appeared more straightforward to calculate the amount of cellular 215 

debris and the number of singlets and aggregates at the FSC-area/FSC-height dot plot (Fig. 2, a1) 216 

than at the FSC/SSC dot plot (Fig. 2, a2), as the boundary between debris and singlets, and between 217 

singlets and their aggregates, is usually poor. We gated out the area of debris (green) as small events 218 

with the highest ratio of FSC-height to FSC-area signal. Singlets (red) were selected based on their 219 

well-correlated height versus area signal, while aggregates of cells (black) had an increased area 220 

signal compared to the height signal. (Fig. 2, a1; Additional file 1: Figure S2, a1-h1). 221 

Further, we used a strategy to evaluate the data in other dot plots to correct our subsequent 222 

gating for the best separation and calculation of the amount of cellular debris and the number of 223 

singlets and aggregates. First, we applied color gating and visualized debris, singlets and aggregates 224 

in the FSC/SSC dot plots for all tissues (Fig 2, a2, b1-e1, b3-e3; Additional file 1: Figure S3,a2-225 

h2).  226 

We made sure that debris was located in the lower left area of the dot plot, and the aggregates 227 

formed clusters in the upper right area of the FSC/SSC dot plot. Next, we stained the samples with a 228 

DNA-binding dye – propidium iodide (PI), to better discriminate the nucleus-contained cells from 229 

the nuclear-free debris. We studied the PI-height/PI-area dot plots and checked the positions of debris, 230 

singlets, and aggregates among all ungated events including debris and aggregates (Additional file  231 
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1: Figure S3, a3-h3). Then, we gated the single cells (blue) among the nucleated cells and their 232 

aggregates (red) (Fig. 2, a4; Additional file 1: Figure S3, a4-h4) and analysed DNA histograms 233 

from single cells (Fig. 2, a5; Additional file 1: Figure S3, a5-h5).  234 

Fig. 2: Representative flow cytometry data of the samples prepared by ACME HS and enzymatic 235 

dissociation methods. a. Flow cytometry data for the adrenocortical tumor sample (replicate 1). a1. FSC-236 

height/FSC-area dot plot was used to calculate cellular debris, single cells, and cellular aggregates (green 237 
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events - for debris, red events - for singlets, black events – for aggregates). a2. FSC/SSC dot plot demonstrating 238 

the distribution of cells, their aggregates, and cellular debris based on their light-scattering properties. a3. Pie 239 

diagram of the debris, singlets and aggregates distribution in the sample. a4. PI-height/PI-area dot plot of 240 

singlets used for additional gating of single cells (shown in blue) among nucleated cells and their aggregates 241 

(shown in red). a5. DNA histogram from single events showing the cell cycle distribution for all cells in the 242 

sample, with percentages of the cell cycle phases (G0/G1, S, G2/M) inserted. b. Flow cytometry data for the 243 

different samples (replicate 1). b1-b4 – for the adrenocortical tumor; c1-c4 – for the adrenal medullary tumor; 244 

d1-d4 – for the thyroid carcinoma; e1-e4 – for PitNET (green events - for debris, red events - for singlets, 245 

black events – for aggregates). Index 1 stands for FSC/SSC dot plots for the samples obtained by the ACME 246 

HS protocol. Index 2 stands for CFSE/PI dot plots for the samples obtained by the ACME HS protocol. Index 247 

3 stands for FSC/SSC dot plots for the samples obtained by enzymatic dissociation. Index 4 stands for CFSE/PI 248 

dot plots for the samples obtained by enzymatic dissociation. f. Cell viability (%) data of adrenocortical 249 

tumors, adrenal medullary tumors, thyroid carcinomas, and PitNETs cells at different dissociation times. The 250 

values are plotted for each experiment, and the mean ± SEM is indicated. Statistical significance was estimated 251 

by t-test: *** (p < 0.001),* (0.01 < p < 0.05), ns - not significant – p > 0.05. (Created with BioRender.com).  252 

Although our dissociation protocols differed from those that were specifically elaborated for 253 

cell cycle analysis and frequently used[22], in most cases, we could resolve various phases of the cell 254 

cycle (G0/G1, S, G2/M) by mean fluorescence intensity (MFI) per cell in DNA histograms: DNA 255 

content in G2/M phase was as expected, two times more than in G0/G1 as shown in Additional file 256 

1: Figure S3, a5-h5. 257 

To discriminate the nature of the debris, we stained the samples with 5,6-carboxyfluorescein 258 

diacetate succinimidyl ester (CFSE). This dye is frequently used in flow cytometric protocols for live 259 

cells labeling due to its ability to bind to intracellular molecules, primarily to amine groups. In 260 

addition to its role in viable cell staining, CFSE can trace dying cells in composite samples[23]. As 261 

shown in Fig. 2, b2-e2 and b4-e4, most green events matching debris turned out to be CFSE-positive 262 

and PI-negative, which suggested that the debris was generally nuclear-free. By comparing the 263 

frequency of debris and aggregates (Additional file 1: Figure S3, a1-h1) and analyzing dot plots, 264 
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we suggest that both ACME HS and enzymatic methods induced a relatively similar number of 265 

aggregates and debris. Despite the large amount of debris and aggregates debris and aggregates, 266 

which was expected, we observed a sufficient number of single cells in our samples obtained by the 267 

ACME HS and enzymatic dissociation protocols (Fig. 2, a2; Fig. 2, b1-e1, b3-e3; Additional file 1: 268 

Figure S3, a2-h2). 269 

Effect of enzyme dissociation protocols on the cell viability of endocrine tumor samples 270 

We investigated the impact of tissue dissociation time and enzyme type on the viability of 271 

cells isolated from adrenocortical and adrenal medullary tumors, thyroid carcinoma, and PitNET 272 

samples. Various enzymes, including collagenase I, collagenase IV, MTDK, and NTDK, were used 273 

for tissue digestion (see Methods). We also tested different dissociation times. In this assay, we 274 

included samples corresponding to the tissues under study and were not identified as blood 275 

(Additional file 2: Table S1). 276 

We observed no significant differences in the impact of enzyme type on cell viability 277 

(Additional file 1: Figure S2c). To assess the impact of dissociation time on the samples, cell 278 

viability was compared after 20, 25, and 30 minutes of enzyme dissociation for adrenal medullary 279 

tumor (n=26) and thyroid carcinoma (n=9) samples; after 25 and 30 minutes for adrenocortical 280 

tumors (n=10); and after 7, 10, and 15 minutes for PitNET (n=20) samples, using the trypan blue 281 

staining assay (Fig. 2f). 282 

A wide range of cell viability was noted for adrenal medullary tumor samples at 20 and 30 283 

minutes of dissociation, showing significant differences (p=0.0001, t-test) with means of 77.8 and 284 

47.7, respectively (Fig. 2f). Thus, the highest cell viability was achieved with a 20-minute 285 

dissociation for adrenal medullary tumor samples. Our findings suggest a compromised cell viability 286 

(approximately 50%) for the 30-minute dissociation protocol. Finally, significant differences 287 

(p=0.0449, t-test) were identified for the PitNET samples at 10 and 15 minutes of dissociation time, 288 

with means of 69.2 and 45, respectively. This indicates that the dissociation time should not exceed 289 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 29, 2024. ; https://doi.org/10.1101/2024.03.26.586727doi: bioRxiv preprint 

https://drive.google.com/file/d/1RnCO1-_IDFVXx5lbaWq-mh0XE5i_2BBs/view?usp=drive_link
https://drive.google.com/file/d/1rQ4uhHRINv4tEtgSF74saay9dDtjKdyx/view
https://drive.google.com/file/d/1RnCO1-_IDFVXx5lbaWq-mh0XE5i_2BBs/view?usp=drive_link
https://doi.org/10.1101/2024.03.26.586727
http://creativecommons.org/licenses/by-nc-nd/4.0/


14 

10 minutes. It is important to note that the transnasal removal of the pituitary gland often leads to 290 

tumor fragmentation. Additionally, irreversible changes during dissociation can occur abruptly with 291 

even minor variations in incubation time or enzyme concentration. 292 

No correlation was found between enzymatic dissociation time and the viability of 293 

adrenocortical and thyroid follicular cells (Fig. 2f). It should be noted that a larger volume of MTDK 294 

(see Methods) was used for the enzymatic dissociation of thyroid carcinomas than for the dissociation 295 

of other tissues. Areas of fibrosis, amyloidosis, and calcinosis may occur in tumor tissues, making 296 

dissociation difficult. In particular, thyroid carcinoma contains a large amount of collagen and a 297 

colloid, which is a homogeneous gelatinous substance. 298 

Although we sought to determine the influence of tissue dissociation time and enzyme type 299 

on cell viability, external factors cannot be excluded. Specifically, apoptosis and cell necrosis, 300 

coagulation changes, and secondary tissue changes such as fibrosis, cholesterol crystal deposition, 301 

cystic transformation, and varying-duration hemorrhages may influence dissociation (Additional file 302 

1: Figure S4). Thus, due to the individual and poorly predictable properties of each sample, the 303 

dissociation time can vary between 3 and 15 minutes. 304 

ACME HS demonstrates consistency with enzymatic method and keep advantages over nuclei 305 

isolation protocol 306 

To further perform comparative analyses, we selected 41 human endocrine tumor samples 307 

(Additional file 2: Table S1). We obtained 107.875 cells and nuclei isolated from adrenocortical 308 

tumors (n=12), 94.807 cells and nuclei from adrenal medullary tumors (n=15), 41.418 cells and nuclei 309 

from PitNETs (n=9), and 60.365 cells from thyroid carcinomas (n=5). 310 

First, we examined the summary statistics for the generated single cell gene libraries (Fig. 311 

3a, Additional file 1: Figure S5). We found that the quality of the ACME HS dataset was almost 312 

identical to the enzymatic and nuclei datasets, obtained from ACME HS-dissociated and enzyme-313 

dissociated whole cells, and isolated nuclei, respectively. Some differences in ribosomal and 314 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 29, 2024. ; https://doi.org/10.1101/2024.03.26.586727doi: bioRxiv preprint 

https://drive.google.com/file/d/1W78kAaKwnyupl121bbCF_SwPb9vQzLms/view?usp=drive_link
https://drive.google.com/file/d/1gbJWb0h4uxFpyfa4kvIJbZIHAOxGg3x4/view?usp=drive_link
https://drive.google.com/file/d/1gbJWb0h4uxFpyfa4kvIJbZIHAOxGg3x4/view?usp=drive_link
https://doi.org/10.1101/2024.03.26.586727
http://creativecommons.org/licenses/by-nc-nd/4.0/


15 

mitochondrial gene expression levels between nuclei and whole cells obtained by ACME HS and 315 

enzymatic dissociation methods were confirmed directly, as well as the exon/intron alignment ratio 316 

(Fig. 3a). At the same time, there were no significant differences in quality parameters, namely the 317 

total number of cells, reads in cells, ambient RNA and doublets fraction for all samples (Fig. 3a). We 318 

observed the patterns mentioned earlier in the four tissues with different dissociation methods 319 

(Additional file 1: Figure S5). 320 

Fig. 3: ACME HS demonstrates consistency with the enzymatic protocol and keeps advantages over the 321 

nuclei isolation. a. Standard single-cell sample features (number of cells; read the cells%; exon/intron 322 

mapped; mitochondrial, ribosomal, and ambient RNA; doublets) of ACME HS, enzyme and nuclei samples. 323 

Statistical differences estimated by the Wilcoxon rank-sum test: **** (0.0001 < p < 0.001), *** (p < 0.001), 324 

ns - not significant – p > 0.05. b. Major cell type compositions among preparation methods, namely 325 
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adrenocortical, chromaffin, pituitary, and thyroid follicular cells. c. Fractions of defined cells identified by 326 

different dissociation methods (ACME HS, enzyme, nuclei) for each tissue type – adrenocortical tumor, 327 

adrenal medullary tumor, thyroid carcinoma, and PitNET. The diagram does not indicate the number of cells 328 

representing less than 5% of the total number. 329 

To compare the representation of distinct cell types and states between the enzyme, nuclei, 330 

and ACME HS datasets, we used Seurat[24] to generate integrated embeddings and annotations for 331 

each tissue type. The major cell types were successfully defined and integrated via all three methods. 332 

In all four types of tissues, the ACME HS data retained tissue-specific cells, namely adrenocortical, 333 

chromaffin, pituitary, thyroid follicular cells, and other nonspecific cells (Fig. 3b, c). The 334 

heterogeneity of the major cell populations (adrenocortical, chromaffin, thyroid follicular, and 335 

pituitary cells) was estimated by further clustering of the integrated cells (Additional file 1: Figure 336 

S6). Minor subclusters (<100 cells) were excluded from the analysis. We found that most subclusters 337 

(A-2, A-3, A-5, A-4, A-7, A-18, and A-19) were lost for the adrenocortical samples in the nuclei 338 

datasets, unlike in the ACME HS and enzyme datasets.  339 

Loss of numerous subclusters was also observed in the nuclei datasets of the chromaffin and 340 

pituitary samples (C-2, C-4, C-8, C-20, C-23, and C-25 and P-1, P-2, P-3, P-5, P-10, P-15, P-16, and 341 

P-17, respectively). However, some subclusters were more enriched in the nuclei datasets for 342 

chromaffin samples (С-0, С-1, С-5, С-6, С-14, and С-19) (Additional file 1: Figure S6). 343 

While some cell subpopulation variability is expected due to the individual tissue conditions, 344 

the most apparent difference is determined for nuclei-based samples. The main clusters of 345 

adrenocortical subpopulations – A-3, A-4, A-5, and chromaffin cells – C-2 C-3 C-4 (Additional file 346 

1: Figure S6a) enriched in oxidative phosphorylation, electron transport chain, ribosomal, 347 

mitochondrial, and mRNA processing genes are missing from nuclear datasets as opposed to ACME 348 

HS and enzymatic samples (Additional file 1: Figure S7a, b). Because of the low cell numbers 349 

obtained from thyroid carcinoma samples with ACME HS-dissociation, comparisons of major 350 
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thyroid follicular cell population clusters obtained with ACME HS and enzymatic dissociation 351 

methods were not possible for these samples. 352 

ACME HS-dissociated cells maintain the expression of key tissue-specific genes  353 

We next examined whether the extent to which ACME HS dissociation was able to preserve 354 

the expression of tissue-specific marker genes in all four tissue samples. In total, 107.875 cells were 355 

obtained from adrenocortical tumor samples (n=12) and integrated. Adrenocortical cells accounted 356 

for 85.6% of the annotated cell types for (Fig. 3c). These cells expressed key literature-derived 357 

marker genes, such as CYP11B2[25] defining zona glomerulosa, CYP11B1[20] – zona fasciculata, 358 

CYP17A1, SULT2A1[26], and CYB5A[27] – zona reticularis. These genes were detected in all sample 359 

groups regardless of the extraction method, except for CYP11B2, which was not detected in the 360 

enzymatic and nuclei samples (Figure 4a, Additional file 1: Figure S8a). Similar results were 361 

obtained for the adrenal medullary tumor (n=15) and PitNET samples (n=9) with 94.807 (89% 362 

chromaffin cells) and 41.418 (79.6% pituitary cells) integrated cells, respectively (Fig. 3c). 363 

Correspondingly, these cells expressed key marker genes, such as CHGA, SYP[28], DBH, PNMT[29] 364 

(Fig. 4b, Additional file 1: Figure S8b) and POMC (only in the ACME HS datasets), with the 365 

exception of GH1 and POU1F1 in the ACME HS datasets (Fig. 4c, Additional file 1: Figure S8c). 366 

Although thyroid follicular cells represented the majority (95.2%) of the 60.365 cells in thyroid gland 367 

samples (n=5), ACME HS-dissociated cells exhibited almost no expression of key markers such as 368 

TG and TSHR[30],[31] (Fig. 4d, Additional file 1: Figure S8d). 369 

Then, we analysed a panel of the top genes specific for adrenocortical, chromaffin, thyroid 370 

follicular, and pituitary cells (Additional file 1: Figure  8e). It turns out that each dissociation method 371 

allows to estimate the expression signatures of different genes that have little overlap in ACME HS, 372 

enzymatic, and nuclear samples, with the exception of PitNETs. 373 

 374 
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Fig. 4: Expression of tissue-specific genes in nuclei and whole cells obtained by ACME HS and enzymatic 375 

dissociation methods. a. Key tissue-specific gene expression according to UMAP visualization namely, 376 

CYP11B2, CYP11B1, and SULT2A1 for adrenocortical tumors; b CHGA for adrenal medullary tumors; c 377 

POMC for PitNETs; d - TG for thyroid carcinoma samples. e. The distribution of the enrichment scores of 378 

heat shock, apoptosis, necrosis, DNA damage, cell senescence, and unfolded protein response signatures 379 

across preparation methods of the datasets obtained from adrenocortical tumor and adrenal medullary tumor, 380 

thyroid carcinoma, and PitNET samples (combined dataset, n=41). 381 
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Difference in the expression of stress- and apoptosis-associated genes in the ACME HS, enzyme, 382 

and nuclei datasets 383 

Since dissociation and preservation techniques can induce cellular stress[9],[5], as 384 

evidenced by changes at the transcriptomic level, we examined the expression of key markers of 385 

stress and cell death. Specifically, markers associated with apoptosis, necrosis, cellular senescence, 386 

DNA damage, heat shock, and the unfolded protein response (UPR) were assessed in the ACME HS 387 

(n=13), enzyme (n=19), and nuclei (n=9) datasets for all tissue samples (Fig. 4e, Additional file 1: 388 

Figure S9, Additional files 2,3: Table S1,2).  389 

We found no differences in the expression levels of genes related to apoptosis in any of the 390 

datasets. The necrosis gene signature showed no differences between the ACME-HS and enzymatic 391 

samples but was lower in the nuclei. Nevertheless, the most significant expression of TNF (tumor 392 

necrosis factor) was observed in adrenocortical tumors and thyroid carcinomas in ACME HS and 393 

nuclei samples (Additional file 3: Table S2). The DNA damage gene signature exhibited minimal 394 

variations among all three methods. In addition, the heat shock protein signature showed minimal 395 

differences between the ACME HS and enzymatic samples but was significantly lower for nuclei. 396 

The UPR signature did not differ between ACME HS and enzymatic samples but was significantly 397 

lower for nuclei. In particular, ERN2, a UPR marker, was highly expressed in adrenal medullary 398 

tumor and PitNET datasets obtained by ACME HS and nuclei isolation methods, in adrenocortical 399 

tumors by enzymatic digestion, and in thyroid carcinomas by the ACME HS method. In addition, the 400 

cellular senescence signatures also showed minimal differences between the ACME HS and 401 

enzymatic samples. IL1B was highly expressed in adrenocortical and medullary tumor samples 402 

obtained from the ACME HS and nuclei datasets, while IL6 was highly expressed in all tissues 403 

compared with the PitNET datasets obtained by the enzymatic digestion method. Another important 404 

senescence marker, CDKN2B, was highly expressed in adrenal medullary tumor samples obtained by 405 

nuclei isolation as well as in thyroid carcinoma samples obtained by an enzymatic approach. 406 
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Senescence markers HMGA1 and UBB were highly expressed in the nuclei datasets for adrenocortical 407 

and medullary tumor samples (Additional file 2: Table S2). 408 

RNA velocity estimates of the individual cells accurately recapitulated the transcriptional dynamics 409 

in the ACME HS and enzyme datasets 410 

Next, we performed velocity analysis for individual samples to demonstrate the consistency 411 

between the ACME HS (n=1) and enzymatic (n=1) protocols together with their advantages over the  412 
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Fig. 5:  Velocity and cell cycle of the ACME HS, enzymatic and nuclei datasets. a, b. Velocity and cell 413 

cycle estimation for adrenocortical and adrenal medullary tumor datasets, respectively. Velocity was 414 

performed for individual samples (n=1) for each method, and cell cycle estimation was performed for 415 

adrenocortical (n=12) and adrenal medullary tumors (n=15). Examples of differentially expressed (DE) genes 416 

associated with cell cycle control are shown on the individual embeddings. DE analysis was conducted for 417 

specific clusters within major cell types, such as A-7 and C-4 (Additional file 1: Figure S6). 418 

nuclei isolation method (n=1). For adrenocortical (Fig. 5a) and chromaffin cells (Fig. 5b), we 419 

identified similar velocity directionalities from ACME HS and enzymatic-specific clusters towards 420 

cell populations commonly shared between methods. The RNA velocity recapitulated the 421 

transcriptional dynamics within these datasets, including the general movement of the differentiating 422 

adrenocortical and chromaffin cells, as well as movement towards and away from the intermediate 423 

differentiation state. The velocity also captured the cell cycle dynamics involved in cell 424 

differentiation. 425 

We observed G2M and S phase cells at velocity start point in ACME HS and enzymatic 426 

specific clusters as well as differential expression of cell cycle controlling and neuroendocrine tumor 427 

proliferation genes – MAD2L1, CENPW, PCLAF, PTTG1, UBE2C, CDKN3 for adrenocortical cells 428 

and CLU, VGF, CD24, PEG10, SCOC, CKB for chromaffin cells in all samples. We suggest that 429 

cells expressing these genes are potential adrenocortical and chromaffin cell progenitors, respectively 430 

(Fig. 5a, b). Thus, the ACME HS method is suitable for studying intermediate differentiation states 431 

of cancer and progenitor cell populations. Although proliferating cells in PitNETs were determined 432 

as a separate cell cluster, we did not find a clear-cut pattern in RNA velocity and the cell cycle 433 

(Additional file 1: Figure S10). 434 

Discussion 435 

In this study, we present an optimized ACME HS[17] dissociation technique for the effective 436 

isolation of single cells from flash-frozen human tissues. In the real-life setting of clinical research 437 
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centers, the utilization of fresh tissues is rather complicated and frequently disruptive for cells that 438 

are to be further analysed using scRNA-seq (see Introduction for details). Consequently, the most 439 

frequent alternative is the use of fresh-frozen tissues obtained during biobanking as a starting 440 

material. However, mechanical and physical stress inflicted upon cells during freeze-thawing 441 

invariably results in a degree of cell membranes rupture[32], resulting in the release of large amounts 442 

of freely floating transcripts (ambient RNA) into cell suspensions, thereby contaminating endogenous 443 

gene expression profiles and confounding cell type annotation results. 444 

In contrast, the ACME HS technique starts with frozen material, thereby overcoming the 445 

limitations associated with the freeze-thawing of living cells.  Probably, even more importantly, 446 

simultaneous acetic acid-based dissociation and methanol-based fixation “snaps” the transcriptional 447 

profiles of individual cells at the very beginning of the procedure, thereby eliminating the global 448 

transcriptome changes associated with the action of dissociation enzymes and displacement of cells 449 

from their original tissue context/microenvironment. Yet, another important point is that the ACME 450 

HS allows for recovery of high-integrity RNA even following cryopreservation of fixed cell 451 

suspensions. Finally, in contrast to single nuclei isolation techniques, ACME HS preserves the 452 

cytoplasm of cells, yielding a dramatically better representation of mature mRNAs. 453 

Here, we demonstrated that ACME HS is suitable and efficient technique for isolating of the 454 

high-quality single cell suspensions from difficult-to-dissociate complex tissues with high lipid 455 

content and large areas of fibrosis and calcinosis, the tissues typically posing significant challenges 456 

for enzymatic digestion. We have successfully obtained 304 465 cells from 41 endocrine neoplasms, 457 

namely, adrenal medullary tumors, adrenocortical tumors, thyroid follicular cell-derived carcinomas 458 

and the pituitary-derived neuroendocrine tumors by ACME HS, enzymatic, and nuclei isolation 459 

methods. 460 

One of the key optimization points as compared to the original ACME technique was the 461 

use of the high-salt 3xSSC washing buffer instead of PBS. The main rationale behind this point is 462 

that, under physiological ionic strength, RNAses may be reactivated during the rehydration, thereby 463 
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dramatically diminishing the yield and integrity of mRNA and ribosomes. In that, 3xSSC 464 

supplemented with DTT and RNase inhibitor dehydrates the cells and blocks the activity of 465 

RNAses[33], allowing for an efficient preservation of  nucleic acids inside the cells. 466 

Using flow cytometry, we were able to provide evidence for obtaining of sufficient cell 467 

numbers employing ACME HS technique, with standard DNA histograms and accurately determined 468 

cell cycle phases further confirming the proper processing of our samples. The degree of cellular 469 

debris and subG1-fragments may be attributed to the freeze-thawing of the samples during both the 470 

enzymatic and ACME HS protocols and does not compromise our conclusions. 471 

We further assessed the cellular stress responses associated with the different sample 472 

processing techniques. Since the stress response genes are known to be activated upon the proteolytic 473 

tissue dissociation at 37°C, we expected the major differences in the expression profiles there of 474 

between ACME HS/single nuclei isolation performed under the ice-cold conditions vs enzymatic 475 

dissociation protocol performed at 37°C. However, despite our initial considerations,  the total 476 

contributions of the stress signatures (heat shock, necrosis, cellular senescence, and UPR) in 477 

enzymatic and ACME HS dissociation protocols of tumor tissues were essentially the same, with 478 

exposure to collagenase and membrane rupture during methanol incubation (causing loss of 479 

cytoplasmic mRNA) being deduced as the major stress factors in enzymatic and ACME HS protocols, 480 

respectively. The nuclei isolation protocol significantly outperformed both enzymatic and the ACME 481 

HS dissociation methods in terms of the reduced stress responses identified in scRNA/snRNA-Seq 482 

profiles. Both protocols for the isolation of single cell suspensions performed significantly better than 483 

isolation of single nuclei in the majority of the other comparisons in our study. However, this specific 484 

issue may be highly relevant in studies, where minimizing of sample processing-associated stress 485 

responses and/or enrichment of sequencing data with intronic sequences in nuclear immature RNAs 486 

are of critical importance, dictating the choose of isolation of single nuclei instead of single cells’ 487 

isolation in these cases. 488 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 29, 2024. ; https://doi.org/10.1101/2024.03.26.586727doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.26.586727
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 

Going to the whole-transcriptome level, we were able to successfully integrate the ACME 489 

HS, enzyme, and nuclei datasets, further integrating them with the reference scRNA-Seq profiles of 490 

the cognate normal tissues. We examined all of the acquired datasets (ACME HS, enzymatic, nuclei) 491 

to evaluate the heterogeneity of the major cell populations (adrenocortical, chromaffin, thyroid 492 

follicular, and pituitary neuroendocrine cells) for all four tissues studied. Overall, we demonstrated a 493 

comparable representation of the major cell types, subpopulations, and functional states in ACME 494 

HS and enzymatic methods, while the single nuclei-based protocol performed significantly much 495 

worse. Our data thus corroborate previous observations on the principal differences of scRNA vs 496 

snRNA profiles, particularly in terms of cytoplasm-associated signatures, including those associated 497 

with cellular metabolism[34], protein synthesis and mRNA processing[35],[36], the processes being 498 

particularly important for tumorigenesis[37],[38], with a proper representation thereof being critical 499 

for obtaining of the biologically relevant data in the studies of human neoplastic diseases. 500 

Finally, we performed the velocity analysis and assessment of the activity of cell cycle 501 

markers to demonstrate that nuclei-based data were largely depleted from the information on putative 502 

differentiation directions, intron-retention events, as well as cell cycle phases connectivity. Again, 503 

the data obtained from both single cell dissociation protocols were fairly consistent, implying thereof 504 

as preferable approaches for studying cell differentiation, clonal evolution in cancer and intron-505 

retention events. 506 

In summary, we optimized and employed the ACME HS technique for the scRNA analysis 507 

of human tissues derived from various endocrine neoplasms. We clearly demonstrated that scRNA 508 

profiling of single cell suspensions obtained using ACME HS and enzymatic methods significantly 509 

outperformed snRNA profiling in terms of marker gene expression analysis and tumorigenesis while 510 

demonstrating in-between comparable performances in the majority of implemented analyses. 511 

Additionally, the modified ACME protocol allows for an extra-option of successful cryopreservation 512 

of dissociated/fixed cells without sacrificing the mRNA yield and integrity. To our knowledge, this 513 

is the first report on successful implementation of the ACME HS technique in primary human tissues, 514 
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and we believe that this protocol should significantly promote the scRNA studies in humans that are 515 

to be explicitly compliant with the real-life infrastructure and logistics of the surgical care centers. 516 

Conclusions 517 

The key determining factor for a successful scRNA-seq profiling is a robust sample 518 

preparation step that yields a high-quality single-cell suspension. In our study, we adapted the ACME 519 

HS dissociation approach for fresh-frozen endocrine tissues. We demonstrated that ACME HS 520 

dissociates and fixes cells with preserved morphology and high RNA integrity number and maintains 521 

the cytoplasm of the cells, yielding a better representation of the mature mRNAs. We obtained 304 522 

465 cells and nuclei and demonstrated a comparable representation of the major cell types, 523 

subpopulations, and functional states in ACME HS and enzymatic dissociation methods. We showed 524 

that scRNA analysis of single cells obtained by ACME HS and enzymatic methods significantly 525 

outperformed snRNA analysis regarding marker gene expression and velocity analysis. We showed 526 

that ACME HS is the first practical approach for obtaining fixed intact cells from fresh-frozen tissues 527 

for scRNA-seq studies of human tissues. 528 

Methods  529 

Tissue sampling 530 

Fifty-three human adrenal gland neoplasms (including 17 adrenocortical tumors and 36 531 

adrenal medullary tumors), 12 thyroid carcinomas, and 38 pituitary neuroendocrine tumors (PitNETs) 532 

were acquired from the Endocrinology Research Centre, Moscow, Russia (Additional file 2: Table 533 

S1). In all patients, tumor specimens were definitively diagnosed by imaging, surgery, and 534 

histopathological examination. Each study participant gave written informed consent. In addition, 535 

single cells were isolated from fresh and fresh-frozen adrenal medullary tumor, adrenocortical tumor, 536 

thyroid carcinoma, and PitNET samples. After sampling, the tissues were placed in a cold Tissue 537 
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Storage Solution (Miltenyi Biotec) pending dissociation. The fresh-frozen samples were stored at -538 

80°C until processed. 539 

ACME HS dissociation 540 

After tissue sampling, 200-250 mg of fresh-frozen adrenal gland neoplasms, thyroid 541 

carcinoma, or 5-10 mg PitNET samples were thoroughly minced on ice and immediately added to 542 

ACME solution (15% methanol, 0.1M glacial acetic acid, 0.1M glycerol, 0.1M N-acetyl cysteine 543 

(NAC) and RNase-free water) to achieve a volume of 10 ml in 15 ml Falcon tube. NAC cleans cells 544 

from mucus, fatty lipids and protects cells from oxidative damage. The samples were dissociated at 545 

room temperature for 1 h on a shaker set at 35 rpm with vertical platform rotation. During incubation, 546 

the mixture was carefully pipetted 2-4 times using 5 ml pipette tips. After incubation, the samples 547 

were centrifuged at 1000xg for 5 minutes at 4°C to remove the ACME solution. From this point, the 548 

samples were kept on ice. The supernatant was carefully discarded, and 2-4 ml of cold 3xSSC* buffer 549 

(3xSSC, 40 mM DTT, 1% BSA, and RNase-free water) containing 0.5 U/µL of the RNase Inhibitor 550 

RiboLock (Thermo Fisher Scientific) was added to the cell pellet and resuspended.  551 

The homogenate was sequentially filtered through a pre-wetted (with 500uL 3xSSC*) 70μm 552 

and 40μm filters (Miltenyi Biotec) into a 15 ml tube, and centrifuged at 1000xg for 7 minutes (4 °C). 553 

The supernatant was then carefully removed, and the pellet was resuspended in 1-2 ml of cold 554 

3xSSC*. 555 

Enzymatic dissociation 556 

Approximately 200-250 mg of fresh adrenal gland neoplasm, thyroid carcinoma, or 5-10 mg 557 

of PitNET samples were washed in HBSS, thoroughly minced on ice, and placed in dissociating 558 

solution at 37°C with gentle pipetting every 5 minutes.  559 

Adrenal gland neoplasm samples were dissociated with 25-30 ul of enzyme D Multi Tissue 560 

Dissociation Kit (MTDK) (Miltenyi Biotec) or enzyme A Neural Tissue Dissociation Kit P (NTDK) 561 

(Miltenyi Biotec) or 2 mg/ml collagenase IV (Gibco, Thermo Fisher Scientific) or collagenase I 562 
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(Gibco, Thermo Fisher Scientific) in 870 mM HBSS, 10% FBS, and 20 mM HEPES for 20-30 563 

minutes. 564 

Thyroid carcinoma samples were dissociated with 30-35 ul of enzyme D Multi Tissue 565 

Dissociation Kit (Miltenyi Biotec) or 2 mg/ml collagenase IV (Gibco, Thermo Fisher Scientific) in 566 

870 mM HBSS, 10% FBS, and 20 mM HEPES for 20-30 minutes. 567 

PitNET samples were dissociated with 8-10 ul of enzyme D Multi Tissue Dissociation Kit 568 

(Miltenyi Biotec) or 2 mg/ml collagenase IV (Gibco, Thermo Fisher Scientific) in 870 mM HBSS, 569 

10% FBS, and 20 mM HEPES for 7-15 minutes. 570 

The obtained homogenate was filtered in 3-5 ml of Wash Buffer (1x DPBS, containing 10% 571 

FBS, 20mM HEPES, and 6mM glucose) through a prewetted 70μm cell culture filter (Miltenyi 572 

Biotec) and centrifuged for 5 minutes at 300xg (4 °C). 573 

For samples with high blood and debris content, the red blood cells were lysed using Red 574 

Blood Cell Lysis Solution (Miltenyi Biotec), and dead cells were removed with Dead Cell Removal 575 

Kit (Miltenyi Biotec). The cells were counted and assessed for viability using trypan blue staining on 576 

Countess 3 (Thermo Scientific). After all, the pellet was resuspended in a Wash Buffer volume of 577 

100-400 ul, depending on the pellet size. 578 

Nuclei isolation 579 

Nuclei were isolated from fresh-frozen adrenocortical tumor, adrenal medullary tumor, and 580 

PitNET specimens. Fresh-frozen tissue samples were thoroughly minced on ice and placed into a 581 

gentleMACS C tube (Miltenyi Biotec) with 2ml ice-cold Hypotonic lysis buffer (10mM HEPES 582 

pH7.2, 5mM MgCl2, 10mM NaCl, and 1% NP40). GentleMACS C tubes were then placed on the 583 

gentleMACS Dissociator (Miltenyi Biotec) and the samples were homogenized by running the 584 

program h_mito_01, and then incubated on ice for 10 minutes. After repeating the homogenization 585 

step, 2 ml of Isotonic buffer (10mM HEPES pH7.2, 5mM MgCl2,10mM NaCl, and 500mM sucrose) 586 

was added to the lysates, mixed by pipetting, filtered through a pre-wetted 70μm cell culture filter 587 
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(Miltenyi Biotec) with Isotonic wash buffer (10mM HEPES pH7.2, 5mM MgCl2,10mM NaCl, and 588 

250mM sucrose) and centrifuged for 5 minutes at 1000g (4 °C). Then, we carefully removed the 589 

supernatant, resuspended the pellet in 1 ml of DPBS with 1% BSA, and filtered it through a prewetted 590 

30μm cell culture filter (Miltenyi Biotec). After all, the pellet was resuspended in DPBS containing 591 

1% BSA volume 100-400 ul, depending on the pellet size. 592 

RNA extraction and quality assessment 593 

To evaluate the RIN of the samples depending on the duration of their storage, we isolated 594 

RNA from cell suspensions prepared by the ACME HS and enzymatic dissociation methods. We 595 

isolated RNA from fresh/fresh-frozen ACME HS and enzyme-dissociated cells after dissociation (0 596 

days) and interval cryopreservation or freezing (1, 3, 7, 14, and 28 days). RNA extractions were 597 

performed using an AllPrep DNA/RNA Mini Kit (QIAGEN), following the manufacturer’s protocol. 598 

RNA quality was assessed using an Agilent 5200 Fragment Analyzer, using the Agilent HS RNA 599 

(15NT) kit. 600 

Immunocytochemistry 601 

Immunocytochemistry was performed for the markers CYP11B1 and TSHR to identify the 602 

nature of adrenocortical and thyroid cells. Initially, membranes of enzyme-dissociated cells were 603 

permeabilized with 100 ul of permeabilization enzyme (10x genomics, 2000214) for 20 minutes at 604 

37°C. After that, the ACME HS and enzyme-dissociated cells were blocked in 3% BSA for 20 605 

minutes. The cells were incubated in the diluent buffer (ab64211) of the primary polyclonal Anti-606 

CYP11B1 antibody (ab197908) and the TSH Receptor monoclonal antibody (4C1) (Invitrogen, 607 

MA5-16519) at a dilution of 1:200 for 1 h at 4°C. The cells were washed in antibody diluent buffer 608 

before being incubated for 1 h at 4°C with the secondary antibody AlexaFluor 594 (ab150080) or 609 

AlexaFluor 594 (ab150116) at a dilution of 1:500, respectively. After repeating the washing step, the 610 

cells were stained with Hoechst 33342 (BD Pharmingen™). Visualization of the antigen-antibody 611 
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complexes was performed using an Olympus FV3000 Scanning Confocal Microscope (Olympus 612 

corporation, Tokyo, Japan).  613 

Methanol fixation and ACME HS cryopreservation 614 

For methanol fixation, we took 200 ul of previously prepared enzyme-dissociated cells in 615 

wash buffer (Methods, Enzymatic dissociation) with 0.5 U/µL of the RNase Inhibitor RiboLock 616 

(Thermo Fisher Scientific) and added 800 ul of 100% ice-cold methanol drop by drop to the cells 617 

while gently vortexing the tube to avoid clumping of the cells. We stored the fixed cells at −80°C. 618 

For ACME HS cryopreservation, we took 900 ul of cell suspension in 3xSSC*(Methods, 619 

ACME HS) and cryopreserved them with 10% DMSO. Store the fixed cells at −80°C. 620 

Flow cytometry  621 

ACME HS and enzyme-dissociated cells isolated from adrenal gland neoplasm, thyroid 622 

carcinoma, and PitNET samples were transferred into DPBS with 0.1% FBS at a final concentration 623 

of 106 cells/ml. Next, 2 µM of 5.6-carboxyfluorescein diacetate succinimidyl ester or CFSE (BD 624 

Biosciences, USA) was added to the cells and incubated for 5 minutes at 370C. Then, the cells were 625 

washed twice with 10 volumes of cold DPBS, and stained with PI (10 µg/ml) in 0.5 ml of PI/RNase 626 

staining buffer (BD Biosciences, USA) for 30 minutes at room temperature in the dark. 627 

Flow cytometric analysis was performed on a NovoCyte 2060R machine (Agilent, USA) 628 

equipped with two lasers, including a laser tuned at 488 nm to excite CFSE and PI, and the standard 629 

set of detectors for green fluorescence of CFSE and red fluorescence of PI. Program compensation 630 

was used to correct spectral spillover. Fluidics and optics were calibrated with NovoCyte QC 631 

particles. The threshold was set at FSC-H. Samples were run at the lowest flow rate. At least 10,000 632 

events were analysed. Deconvolution of the DNA histograms was performed with the instrument 633 

Software NovoExpress. 634 

Histopathological examination 635 
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Tumor tissue samples obtained during surgical treatment of patients at the Endocrinology 636 

Research Center were fixed in 10% buffered formalin, processed in the histological staining system 637 

of a Leica ASP6025, and embedded in paraffin. Subsequently, paraffin sections with a thickness of 638 

3 µm were cut from the paraffin-embedded tumor tissue samples using a microtome and applied to 639 

slides treated with poly (l-lysine). The slides were then stained with hematoxylin and eosin following 640 

the standard procedure. All histological slides were scanned using a Leica Aperio AT2 system at 20x 641 

magnification for further analysis. 642 

Preparation of the cell suspensions for loading on the 10x Chromium controller 643 

ACME HS-cryopreserved and methanol-fixed cells were unfrozen and centrifuged at 2000x 644 

g for 5 minutes (4 °C) to remove the 3xSSC*/DMSO and methanol. After that, the pellet was 645 

resuspended in cold 3xSSC* buffer to a density of some 2000 cells or nuclei/ul. 646 

scRNA-seq and snRNA-seq using the 10X Genomics platform 647 

Single cells or nuclei were captured and barcoded, and cDNA libraries were generated using 648 

the Chromium Next GEM Single Cell 3ʹGEM, Library & Gel Bead Kit v3.1 (10X Genomics). For 649 

each sample, 10 000 cells or nuclei ( ~ 2000 cells or nuclei in 1ul, cell suspension volume calculator 650 

table 10X Genomics) in cold 3xSSC* were mixed with RT-PCR master mix and immediately loaded 651 

together with Single-Cell 3′ Gel Beads and Partitioning Oil into a Chromium Chip G. cDNA, and 652 

gene expression libraries were generated according to the manufacturer’s instructions (10x 653 

Genomics). cDNA and gene expression libraries were quantified using a Qubit dsDNA HS assay kit 654 

(Thermo Fisher Scientific), and the cDNA and gene expression library fragment sizes were assessed 655 

with the Agilent 5200 Fragment Analyzer, using a DNA HS (1-6000NT) kit. The final libraries were 656 

multiplexed and sequenced on an Illumina Novaseq 6000 platform, using the S4 Reagent Kit v1.5 657 

(200 cycles). 658 

Adrenal, thyroid and pituitary glands single-cell transcriptomic analysis 659 
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The Raw sequenced reads were processed with 10X Cell Ranger (v6.1.1). Default Cell 660 

Ranger quality check measurements were used for further comparison methods through the Wilcoxon 661 

test. The expression matrixes for the filtered cells were submitted to Seurat[24] (v4.9.9 and v5.0.0) 662 

for basic analysis, including scaling and normalization. Cell filtering based on gene/molecule 663 

dependency was done by pagoda2[39] (v1.0.11). Doublets and ambient RNA content were calculated 664 

with scrublet[40] (v0.2.3), SoupX[41] (v1.6.2) and decontX[42] (v3.18), respectively, with default 665 

settings. The means for doublets and ambient RNA values per sample were compared between 666 

sample preparation methods (ACME HS, enzymatic, nuclei). Major cell types were identified by the 667 

label propagation function using Conos[43] (v1.5.0) and reference datasets[44],[45],[46],[47],[48]. 668 

Sample integration was conducted by applying RunHarmony on preprocessed Seurat objects. 669 

Velocity analysis was performed with Velocyto (v0.17) on 1000 cells subset per sample and 670 

visualized using Velocyto.R[49] (v0.6) on integrated embeddings. Cell cycle phase predictions were 671 

based on reference gene expression processed with Seurat (v5.0.0). Differential expression was 672 

conducted for all cells of different sample preparation methods. A functional enrichment test was 673 

performed for differentially expressed genes with clusterProfiler[50] and wiki pathways as reference 674 

databases. 675 

Stress and cell death gene signatures 676 

We utilized the PercentageFeatureSet function with default parameters from the Seurat 677 

package to evaluate the impact of various methods - ACME HS, enzymatic dissociation, and nuclei 678 

isolation on cellular stress, focusing on determining their potential to induce stress or favored necrosis 679 

or apoptosis among the cells. This function computes the percentage of all counts assigned to a 680 

specified set of genes. For the apoptosis signature, we curated a gene signature encompassing CASP3, 681 

BAX, BAD, BID, APAF1, TP53, FAS, TNFRSF10B, CYCS, BCL2, and AIFM1[51]. Meanwhile, for 682 

the necrosis signature, we selected HMGB1[52], ATP5F1A, CALR, ARHGAP45, S100A8, S100A9, 683 

NAMPT, ANXA1, KRT18, TNF, and AGER genes[53],[54]. We assessed various modalities of cell 684 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 29, 2024. ; https://doi.org/10.1101/2024.03.26.586727doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.26.586727
http://creativecommons.org/licenses/by-nc-nd/4.0/


32 

stress, including oxidative stress, cellular senescence, DNA damage, heat shock, and the unfolded 685 

protein response. The oxidative stress signature was constructed using NFE2L2, KEAP1, SOD1, CAT, 686 

HMOX1, GCLC, GCLM, NQO1, and PRDX1 genes[53],[54]. The markers of cellular senescence 687 

included CDKN1A, CDKN2A, IGFBP3, GADD45A, CCND1, CDKN2B, IL1A, IL1B, IL6, IL10, 688 

HMGA1, HMGB2, and UBB[53],[54]. DNA damage signatures comprised TP53, BRCA1, CHEK2, 689 

ATM, RAD51, RPA1, MDM2, ATR, and XRCC5[53],[54]. For the heat shock signature, we considered 690 

the HSP family genes HSPB, HSPG2, HSPB11, HSPA6, HSPD1, HSPE1, HSPBAP1, HSPA4L, 691 

HSPB3, HSPA4, HSPA9, HSPA1L, HSPA1A, HSPA1B, HSP90AB1, HSPB1, HSPA5, HSPA14, 692 

HSPA14.1, HSPA12A, HSPB2, HSPA8, HSP90B1, HSPB8, HSPH1, HSPA2, HSP90AA1, HSPB9, 693 

HSPB6, HSPBP1, HSPA12B, and HSPA13[55],[56]. Lastly, the unfolded protein response signature 694 

included ATF4, ATF6, XBP1, HSPA5, DDIT3, HERPUD1, DNAJC3, ERN1, ERN2, and PDIA6 695 

genes[53],[54]. Using a two-tailed Wilcoxon rank-sum test, we calculated statistically significant 696 

differences in the signature scores between the various dissociation methods. 697 

Statistical Data Analysis 698 

All the data were presented as the means and standard deviations. Statistical significance 699 

(assessed by two-tailed t-test and Wilcoxon rank-sum test) is shown in the figures: **** (0.0001 < p 700 

< 0.001), *** (p < 0.001), ** (0.001 < p < 0.01), * (0.01 < p < 0.05), ns - not significant - p > 0.05. 701 
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