
 

1 

 

Cryo-ET distinguishes platelets during pre-acute myeloid leukemia from steady state 1 

hematopoiesis 2 

Yuewei Wang1,2*, Tong Huo1*, Yu-Jung Tseng3,4*, Lan Dang1, Zhili Yu1, Wenjuan Yu1,5, 3 

Zachary Foulks9,10, Steven J. Ludtke1,7, Daisuke Nakada3,6#, Zhao Wang1,7,8,11# 4 

 5 
1 Verna and Marrs McLean Department of Biochemistry and Molecular Biology, Baylor College of Medicine, 6 

Houston, Texas, United States 7 
2 Department of Vascular Surgery, the Affiliated Hospital of Qingdao University, Qingdao, China 8 
3 Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, TX, US 9 
4 Graduate Program in Translational Biology and Molecular Medicine, Baylor College of Medicine, Houston, TX, 10 

US  11 
5 Department of Pathology, the Affiliated Hospital of Qingdao University, Qingdao, China 12 
6 Dan L Duncan Comprehensive Cancer Center, Baylor College of Medicine, Houston, Texas, United States 13 
7 CryoEM/ET core, Baylor College of Medicine, Houston, TX, US 14 
8 Department of Molecular and Cellular Biology, Baylor College of Medicine, Houston, TX, US 15 
9 Department of Chemistry, Missouri University of Science and Technology, Rolla, MO, United States 16 
10 The summer undergraduate research program (SMART program), Baylor College of Medicine, Houston, Texas, 17 

United States  18 
11 Lead contact. Zhao Wang, address: Alkek N410, Baylor College of Medicine, Houston, TX 77030; e-mail 19 

address: zhaow@bcm.edu; phone: (713) 798-3086 20 

*These authors contributed equally 21 
# Corresponding to Daisuke Nakada(nakada@bcm.edu) and Zhao Wang(zhaow@bcm.edu) 22 

 

 

 

Running Title: Cryo-ET of platelets in AML mouse 23 

Keywords: Cryo-ET, platelets, ultrastructural alteration, AML, early diagnosis 24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 18, 2021. ; https://doi.org/10.1101/2021.10.18.464863doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.18.464863


 

2 

 

Abstract 25 

Early diagnosis of acute myeloid leukemia (AML) in the pre-leukemic stage remains a clinical 26 

challenge, as pre-leukemic patients show no symptoms, lacking any known morphological or 27 

numerical abnormalities in blood cells. Here, we demonstrate that platelets with structurally 28 

abnormal mitochondria emerge at the pre-leukemic phase of AML, preceding detectable 29 

changes in blood cell counts or detection of leukemic blasts in blood. We visualized frozen-30 

hydrated platelets from mice at different time points during AML development in situ using 31 

electron cryo-tomography (cryo-ET) and identified intracellular organelles through an 32 

unbiased semi-automatic process followed by quantitative measurement. A large proportion of 33 

platelets exhibited changes in the overall shape and depletion of organelles in AML. Notably, 34 

23% of platelets in pre-leukemic cells exhibit abnormal, round mitochondria with unfolded 35 

cristae, accompanied by a significant drop in ATP levels and altered expression of metabolism-36 

related gene signatures. Our study demonstrates that detectable structural changes in pre-37 

leukemic platelets may serve as a biomarker for the early diagnosis of AML.  38 
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Introduction 39 

Acute myeloid leukemia (AML) is a heterogeneous malignancy characterized by defective 40 

hematopoietic differentiation, leading to the accumulation of immature leukemic blasts and 41 

suppression of normal hematopoiesis (ref. 1). AML is the most common type of leukemia 42 

diagnosed in adults and accounts for the highest percentage of leukemic deaths (ref. 2). AML 43 

develops quickly with only a 2-month median overall survival (OS) for untreated patients (ref. 44 

3), emphasizing the need for early diagnosis. For younger patients, the OS and complete 45 

remission (CR) rate decrease dramatically when the time from diagnosis to treatment (TDT) is 46 

more than 5 days (ref. 4). To improve the prognosis of AML patients, early diagnosis and 47 

immediate initiation of therapy are critical to reduce morbidity and mortality. Generally, the 48 

diagnosis of AML and specific subtypes are based on blood tests, bone marrow tests, and 49 

chromosome testing (ref. 5). Diagnosis of the early stage of AML (defined as pre-AML) can 50 

be challenging because early in development AML is often asymptomatic, with no changes in 51 

blood tests, and no immature platelets detected in the bloodstream. By studying the early stages 52 

of AML, it may be possible to develop new diagnostics capable of early detection. 53 

In AML, genetic lesions in hematopoietic stem/progenitor cells (HSPCs) produce 54 

developmental defects in cell lineages arising from them, including megakaryocytes that 55 

produce platelets (ref. 6,7). Previous studies have shown that hemostasis disorders and 56 

bleeding tendency in AML patients could be due to not only reduced platelet counts, but also 57 

functional platelet defects (ref. 8,9,10,11). Some AML patients exhibited decreased platelet 58 

size and expression of the activated membrane receptor (GPIIb/IIIa and GPIb), which led to 59 
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reduced in vivo platelet activation (ref. 12,13). Conventional transmission electron 60 

microscopy (TEM) was applied in structural studies of platelets from AML patients, which 61 

discovered decreased numbers of α-granules and an absence of dense granules (ref. 13).  62 

However, the current understanding of platelet ultrastructure is derived mainly from 63 

TEM studies with conventional chemical fixation known to cause structural artifacts in platelet 64 

organelles and macromolecules (ref. 14,15,16). Unlike conventional EM, vitrification can 65 

arrest cellular dynamics in intact platelets within milliseconds, thereby providing a 66 

physiological “snapshot” of whole platelets without artifacts produced by chemical fixation 67 

(ref. 17,18,19). Facilitated by the development of electron cryo-tomography (cryo-ET), 68 

ultrastructural alteration of platelets has been found to be associated with diseases such as 69 

ovarian cancer (ref .17). In this study, we performed an ultrastructural analysis of platelets in 70 

an AML mouse model (ref. 20,21) at different time points after inducing AML. We 71 

characterized morphological changes and quantitively measured subcellular organelles within 72 

platelets providing observations of early-stage AML. 73 

 74 

Materials and Method  75 

Mice 76 

The mouse alleles used in this study were Ubc-GFP (C57BL/6-Tg(UBC-GFP)30Scha/J, JAX 77 

Stock #004353) (ref. 22) on a C57BL/6 background. CD45.1 (B6.SJL-Ptprca Pepcb/BoyJ, JAX 78 

Stock #002014) or C57BL/6 mice was used as transplant recipient mice. Female mice were 79 

used and housed in AAALAC-accredited, specific-pathogen-free animal care facilities at 80 
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Baylor College of Medicine (BCM). All procedures were approved by the BCM Institutional 81 

Animal Care and Use Committee. The BCM Institutional Biosafety Committee approved all 82 

other experimental procedures.  83 

Bone marrow transplantation (BMT) 84 

MLL-AF9 retrovirus was prepared by transfecting the pMIG-MLL-AF9-IRES-GFP construct 85 

with pCL-ECO into HEK293T cells as previously described (ref. 23). Hematopoietic stem and 86 

progenitor cells (Lin-c-kit+Sca-1+) were sorted and incubated in X-Vivo 15 (Lonza, Allendale, 87 

NJ) supplemented with 50 ng/ml SCF, 50 ng/ml TPO, 10 ng/ml IL-3, and 10 ng/ml IL-6 (all 88 

from Peprotech, Rocky Hill, NJ) for 24 hours prior to retrovirus spin infection. For primary 89 

recipients, 50 000 cells were transplanted into lethally irradiated C57BL/6 mice (500cGy, twice, 90 

with at least 3 hours interval). Secondary transplantation was performed by transplanting 100 91 

000 GFP+ cells from primary recipient mice into sub-lethally irradiated mice (650cGy). For 92 

the control, mice underwent transplantation of normal bone marrow cells. 93 

Cryo-ET of Platelets 94 

Platelet-rich plasma (PRP) was separated from drawn blood samples and then vitrified for cryo-95 

ET. The mice were in supine position after inhalation anesthesia by diethyl ether. The abdomen 96 

and thoracic cave were open to expose heart. Then, 100 μL whole blood was obtained by 97 

puncturing right atrium and put in 500 μL EP tube with 3.8% sodium citrate (SC) as the 98 

anticoagulant (blood vs SC 9:1). The whole blood is centrifuged at 500 g to collect PRP. PRP 99 

(2-4 μL) mixed with 10 nm fiducial gold marker was applied to the glow-discharged Quantifoil 100 

grid and then blotted with calcium-free blotting paper using a Vitrobot (Mark IV, FEI Corp), 101 
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and immediately plunged into liquid ethane at liquid nitrogen temperature to vitrify the 102 

platelets (1-3 blot, 1-3 s wait). PRP purification and cryo-preservation were maintained at room 103 

temperature. All platelet samples were vitrified for cryo-ET study within 2 h after blood draw.  104 

The frozen grids with platelets were then transferred into one of three electron 105 

microscopes (JEM 3200FSC, FEI Polara F3 and Titan Krios) equipped with K2 Summit 106 

camera for imaging. Low-dose conditions were used to preserve structural integrity. Using 107 

SerialEM (ref. 24), tilt series were recorded at /300 keV on a Gatan 4,096 × 4,096 pixels K2 108 

Summit direct election camera in counting mode with 0.2 s per frames exposure in (2, 4 and 8 109 

seconds). Single-tilt image series (±50°, 2° increment) were collected at a defocus range of 15-110 

20 μm and a magnification range of 3 000-4 000×, with a pixel size of 12.06 Å. The total 111 

electron dose per tomogram was 90-100 electrons/Å2, as typical for cellular cryo-ET. Each tilt 112 

series has 51 tilt images with a fixed 2-degree increment.  113 

Platelet Tomogram Processing and Quantification 114 

Image stacks were automatically aligned and reconstructed using e2tomogram in EMAN2 (ref. 115 

25), yielding 3D reconstructed tomograms (voxel 4k × 4k × 1k, ∼17-19 Å per pixel sampling). 116 

Gold fiducials were present but not used explicitly, as the software uses any high contrast 117 

features for alignment. To enhance the contrast, tomograms were averaged by two (bin2) and 118 

filtered uniformly using a low-pass filter (set up at 33 Å) to reduce the noise and visualized in 119 

UCSF Chimera (ref. 26,27). Structural features such as α granules, dense granules, gamma 120 

granules, mitochondria, microtubules, membrane systems, glycogen particles, and tubule-like 121 

system (TS) that was formed by membrane repeated folding were identified as previous study 122 
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(ref. 28), segmented, and manually annotated using EMAN2, UCSF Chimera (ref. 26), and 123 

UCSF ChimeraX (Figure S1A) (ref. 29).  124 

Semi-automated segmentation used a neural network based method (ref. 27) requiring 125 

user-provided training annotation on representative areas. We manually selected and labeled 126 

10 regions containing obvious mitochondria as positive controls and 100 regions without 127 

mitochondria as negative controls in the same tomograms from different slices and orientation, 128 

respectively (Figure S1B). The trained network was then applied to the complete set of 129 

tomograms, reducing over a man-year of potential effort to a few weeks. Separate neural 130 

networks were trained for each type of organelle. The segmentation results were confirmed by 131 

human visualization at the end.  132 

Structural features (α granule number, α granule area, dense granule number, dense 133 

granule area, mitochondria number, mitochondria area) were manually quantified for each 134 

platelet tomogram (Figure S1A). Though segmented and labeled in tomograms, microtubules 135 

were not assessed due to the low resolvability in Z direction which leads to uncertainty in 136 

determining clear boundaries of microtubules in some orientations. Low resolvability in the Z 137 

direction of the 3D tomogram reconstruction is mainly due to the missing wedge in cryo-ET 138 

data. The central slice of the 3D tomogram of the whole platelet was projected. The area of 139 

each platelet was measured in a single projection image with the assumption that the platelets 140 

have a uniform thickness (Figure S1C). Mitochondria area is expressed as the summed area of 141 

the central slice through each mitochondrion in a platelet divided by the area of the platelet in 142 

its central slice. α and dense granule areas were measured in the same way. The circularity of 143 
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mitochondria was assessed via the formula 𝐶 = 4 ×  𝜋 × 𝐴 𝑃2⁄ , where C is the circularity, A 144 

is the area and P is the perimeter. For a circle, C = 1. All the quantification was performed by 145 

the same researcher to maintain consistency throughout the entire study. 146 

Predictive model and power analysis  147 

In our study, un-irradiated WT and control cells never exhibited abnormal mitochondria. We 148 

performed a post-hoc power analysis to put an upper bound on the probability of observing 149 

such false positives. With an N of 106 non-malignant cells and P=0.05, we can state that false 150 

positive rate can be no more than 2.8%.  151 

RNA-seq 152 

Whole blood from control and pre-AML mice were collected and PRP was separated via 153 

Lymphoprep (Stemcell Technologies). Platelets were further purified from the plasma by 154 

staining with CD45 and Ter119 antibodies then depleting the CD45 or Ter119 positive cells 155 

through autoMACS (Miltenyi Biotec). Purified platelets were resuspended in Trizol and RNA 156 

purified according to the manufacturer's instructions. DNase I-treated RNA samples were 157 

purified using the QIAGEN MinElute kit before cDNA was made and amplified with a 158 

SMART-Seq2 protocol. The cDNA was then fragmented and barcoded for sequencing using a 159 

Nextera XT kit (Illumina, San Diego, CA). RNA-seq libraries were sequenced on an Illumina 160 

Sequencer (Illumina, San Diego, CA). Reads were mapped to mm10 using STAR (version 161 

2.5.2b) (ref. 30), which was followed by differential expression analysis using DESeq2 162 

(version 1.12.4) (ref. 31). The PCA plot was generated with deep Tools.  163 

ATP measurement assay 164 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 18, 2021. ; https://doi.org/10.1101/2021.10.18.464863doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.18.464863


 

9 

 

Platelets were collected from control or AML mice and resuspend in PBS. Platelet ATP level 165 

was measured using CellTiter-Glo® 2.0 Cell Viability Assay (Promega). Luminescence was 166 

determined by Infinite M200 PRO from Tecan. 167 

Statistical Analysis of Quantified Platelet Tomograms 168 

Experimental data were analyzed by SSPS 16.0 for Windows (SPSS Inc., Chicago, IL, USA). 169 

Data are presented as the means ± standard error of the mean (SEM). Differences between 170 

groups were assessed using the Student’s t test or Mann–Whitney U-test and statistical 171 

significance was taken at P<0.05.  172 

 173 

Results 174 

Five populations of platelets were visualized in this study, drawn from un-irradiated wild-type 175 

(WT) mice, irradiated mice with normal BMT at two time points (1-week and 3-week), and 176 

irradiated mice transplanted with MLL-AF9-transformed HSPCs at the same two time points 177 

(Figure 1). The un-irradiated WT platelets served as a baseline for detecting induced changes, 178 

and the irradiated mice with normal BMT served as an additional control against radiation-179 

induced as opposed to AML-induced changes. Historically, full annotation and analysis of a 180 

single platelet using this technique required a full week of human effort, dramatically limiting 181 

the N (number of platelets) in such studies. Using newly developed automation techniques, we 182 

substantially reduced the time for analysis of each platelet and have a significant N for each 183 

population. Despite improvements, N in such studies is still rate and financially limited. 184 

Visualization and quantification of platelets from un-irradiated WT mice  185 
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PRP was obtained from the blood of WT (n=3) mice (designated as un-irradiated WT platelets 186 

hereafter), and a total of 94 platelet tilt series were collected and automatically reconstructed 187 

using EMAN2 (ref. 27). Reconstructed tomograms showed all un-irradiated WT platelets were 188 

in a quiescent state appearing as a discoid with a small number of pseudopods (Figure 1 and 189 

S2A, Movie S1) (ref. 32).  190 

 191 

 192 

 193 

Figure 1 Cryo-ET of platelets from mice in different states.  194 

Platelets from un-irradiated WT mice and BMT control mice had typical features including α 195 

granules, dense granules, gamma granules, mitochondria, intact membrane, microtubules, 196 

glycogen particles, and an open canalicular system (OCS). The platelets from AML mice (3 197 

weeks) showed small round or oval shape without pseudopods. There were only glycogen 198 

particles and OCS inside. Platelets from pre-AML mice (1 week) can contain a mixture of 199 

normal and abnormal mitochondria. The example shown has only abnormal mitochondria. 200 

Color scheme used in segmentation is indicated in the panel. (Scale bar 1 µm).   201 

 202 
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The platelet plasma membrane was relatively smooth, and the surface-connected open 203 

canalicular system (OCS) was found randomly dispersed on the otherwise featureless platelet 204 

exterior. Platelets and organelle membranes were clearly resolvable, indicating that we 205 

achieved spatial discrimination at nm resolution. Microfilaments in the cytoplasm could be 206 

identified in thinner regions of the tomograms, such as those near the plasma membrane. A 207 

coiled circumferential marginal band of microtubules is clearly observed. It is also worth noting 208 

that in activated platelets, the circumferential band of microtubules disappeared, extending to 209 

pseudopods. The cytoplasm of platelets was rich in glycogen and granules were randomly 210 

distributed in the cytoplasm. α granules with a single membrane had high morphological 211 

variability and the peripheral zone had less contrast than the central zone. The most 212 

distinguishing feature of dense granules was the electron-opaque spherical body within the 213 

organelle, separated from the enclosing membrane by an empty space producing a “bull’s-eye” 214 

appearance (ref. 28). Gamma granules with irregular dark densities were less common than α 215 

and dense granules. Mitochondria contained a double membrane feature, which was readily 216 

visible in all tomograms. The folded inner membrane cristae of mitochondria are readily 217 

identified.  218 

In addition, 75.5% (71/94) of platelets had a TS (Figure S1A). TS has been observed in 219 

most platelets of Wistar Furth rats (ref. 33), giant platelets (ref. 34), and Medich's giant cell 220 

disease (ref. 35) using TEM. This structure was previously named as membranous inclusions 221 

(ref. 33) or scroll-like structure (ref. 35,36) because the membranes are flat sheets wrapped 222 

around each other once or several times forming a scroll. We named this feature TS because 223 
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we found the membranes were repeatedly folding to form a tubule-like structure. This 224 

subcellular feature is clearly resolved in the tomograms, with a wide range of diameter and 225 

direction in cells. In contrast to previous studies, we found TS contained various types of 226 

organelles including α granules, dense granules, gamma granules, mitochondria, or glycogen. 227 

The function of TS is not yet clear: it may be the membrane storage to meet the maximum 228 

abduction of platelet activation, accumulation of glycogen particles to store energy or a channel 229 

for quick movement of organelles in platelets. 230 

 All sub-cellular features were processed in the same way and displayed to show a 231 

panorama of a whole platelet cell (Figure 1). The accuracy of the segmentation was validated 232 

by visual inspection of each cell (Figure S1). To quantitatively compare and analyze features 233 

in platelets, we measured areas of whole platelets, mitochondria, α granules, and dense granules 234 

with a manual measurement tool in EMAN2 (see methods).  235 

AML accompanies multiple morphological changes in platelets. 236 

To determine how AML affects the morphology of platelets, we transplanted either MLL-AF9-237 

transformed HSPCs or normal bone marrow cells into irradiated recipient mice to induce AML 238 

or to reconstitute normal hematopoiesis, respectively (ref. 21,23). AML mice exhibited 239 

increased numbers of white blood cells (WBC), decreased red blood cells (RBC) and platelets 240 

3 weeks after transplantation. In contrast, mice with normal bone marrow cells exhibited 241 

normal numbers of blood cells (Table 1).  242 
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Table 1. CBC tests for mice at different time points 243 

CBC, complete blood count; BMT, bone marrow transplantation; Leukemic group, 244 

transplanted with leukemia progenitor and stem cells; Control group, transplanted with 245 

normal bone marrow cells; WBC, white blood cell; RBC, red blood cell; PLT, platelet. 246 

 247 

We collected 120 platelets from the recipient mice at 3 weeks post-transplantation and 248 

processed the data using the pipeline developed as described above. We found that 91.7% 249 

(110/120) of platelets contain only glycogen and OCS with roughly 21% of the normal cell 250 

size (15.6±1.0 vs. 75.6±1.84 105 nm2, P<0.001) and empty vacuole vesicles or absent vesicles, 251 

 Leukemic group 

 (3 mice) 

Control group 

 (3 mice) 

Normal 

range 

 Before 

BMT 

 

1 week 

After BMT  

3 weeks 

After BMT  

Before 

BMT 

 

1 week 

After BMT  

3 weeks 

After BMT  

WBC 

(103/mm3

) 

5.8/6.0/8.4 0.9/0.3/0.4 58.9/72.5/ 

80.4 

11.9/14.8/ 

11.1 

1.1/1.9/1.6 4.4/3.6/3.7 3.0 – 

15.0 

RBC 

(106/mm3

) 

6.96/10.79/

10.01 

6.16/9.20/ 

6.03 

1.39/2.08/ 

3.05 

6.10/8.36/ 

9.18 

2.63/11.47/

8.33 

6.23/5.84/ 

6.06 

5.0 – 

12.0 

PLT 

(103/mm3

) 

562/316/ 

427 

114/150/ 

300 

112/73/107 531/481/ 

675 

251/191/ 

142 

242/242/ 

405 

140 - 

600 
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called ‘ghost platelets’ (Figure 1 and 2B, Table S1, Movie S2). The remaining 8.3% (10/120) 252 

of platelets exhibited similar shape and size as normal platelets, and intracellular features could 253 

be identified clearly including α granules, dense granules, gamma granules, mitochondria, the 254 

plasma membrane, circumferentially coiled microtubule, glycogen particles, and open OCS 255 

(same feature as shown in Figure 1). Activated platelets are easily detected by the presence of 256 

pseudopods and microtubular changes. While our conditions were designed to avoid activation, 257 

occasional activated platelets were observed in the control and un-irradiated populations, but 258 

not in the AML population. Platelets from recipient mice transplanted with normal bone 259 

marrow cells exhibited platelets of similar size to normal platelets (68.4±3.03 vs. 75.6±1.84 260 

105 nm2, P=0.099), and no other structural abnormalities were detected (Figure 1 and Table 261 

S1). These results demonstrate that platelets in mice with frank AML are replaced with 262 

structurally abnormal platelets.  263 

Cryo-ET of platelets from pre-AML mice 264 

We then tested whether structurally abnormal platelets were detectable in mice at the early 265 

stage of AML. To this end, we collected PRP from mice (n=3) 1 week after transplanting MLL-266 

AF9-induced AML cells and analyzed them with cryo-ET. Recipient mice at this time point 267 

exhibited reduced blood cell counts due to the effects of sub-lethal irradiation, but showed 268 

improvement at 3 weeks (ref. 37,38). In contrast to mice 3 weeks after transplantation, which 269 

exhibit leukocytosis and severe anemia, mice at 1-week post-transplantation did not show 270 

leukocytosis or anemia according to the blood count (Table 1). We thus defined this time point 271 

as pre-AML.  272 
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We imaged 72 platelets from pre-AML mice. We found that all platelets contain the 273 

subcellular features observed in platelets from un-irradiated WT mice, including α granules, 274 

dense granules, gamma granules, mitochondria, the plasma membrane, microtubule, glycogen 275 

particles, OCS, and TS (Figure 1 and S2C, Movie S3).  276 

 277 

Figure 2. Statistics of platelets from mice in different states.  278 

A, There were no differences in the size of platelets from pre-AML, control mice and un-279 

irradiated mice, while the size of platelet from AML mice was significantly decreased. B, 280 

The average area (AA) of mitochondria in pre-AML platelets increased compared with un-281 

irradiated and control groups (P<0.05). 282 

However, platelets from pre-AML mice showed increased average area of α granules 283 

(mean area of all α granules in the same platelet) (1.6±0.08 vs. 1.3±0.05 105 nm2, P=0.004) and 284 

decreased number of α granules (11.3±0.9 vs. 15.9±0.8, P<0.001) compared to un-irradiated 285 

WT mice (Figure S3A). In addition, the number of dense granules in pre-AML platelets was 286 

reduced (9.7±0.7 vs. 12.5±0.8, P=0.009), so was the average area (0.31±0.01 vs. 0.34±0.01 105 287 

nm2, P=0.029) (Figure S3B). There is no significant change on the number of mitochondria, 288 

while the average area of mitochondria increased in pre-AML platelets (Figure 2B and S3C). 289 

To investigate whether the aforementioned statistical changes are caused by AML 290 

development or BMT, we imaged the platelets from control mice that underwent the same 291 
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transplantation procedure. Applying the same statistical analysis revealed no significant change 292 

between BMT control group and pre-AML group on average area of α granules, number of α 293 

granules, average area of dense granules, number of dense granules, and number of 294 

mitochondria, except for the average area of mitochondria (Figure 2B and S3). The difference 295 

of α and dense granules between un-irradiated WT mice and pre-AML mice would be probably 296 

attributed to transplantation rather than the AML development. The number of mitochondria 297 

in each platelet spans a large range, from 1 to 23 per cell, and does not seem to be correlated 298 

with AML. However, the average area of mitochondria in pre-AML platelets is larger than that 299 

in both BMT control and un-irradiated platelets, which indicates the mitochondrial structure 300 

may suffer subtle change during the development of AML.  301 

Emergence of abnormal mitochondrion precedes hematological changes in pre-AML  302 

The majority of the mitochondria of platelets in pre-AML mice were similar to platelets 303 

isolated from un-irradiated mice and BMT control mice, exhibiting irregular shapes and 304 

containing typical structural features like highly folded cristae and matrix layers. However, a 305 

significant subset (23.6% (17/72)) of pre-AML platelets had clearly abnormal mitochondria 306 

with a round shape and less reduced cristae and matrix (Figure 3A and 3B).  307 

 308 
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 309 

 310 

Figure 3. Abnormal mitochondria in pre-AML platelets.  311 

A, Roughly a quarter of mitochondria in pre-AML platelets were abnormal with reduced 312 

cristae and matrix (scale bar 100 nm). B, 18.1% of the pre-AML platelets had one abnormal 313 

mitochondrion and 5.5% have more than one abnormal mitochondrion. C, The statistical 314 

analysis of mitochondrial circularity (P<0.0001) D, ATP measurement assay for 315 

mitochondria in control and pre-AML platelets. E, Gene set enrichment analysis (GSEA) on 316 

the platelets from pre-AML and control mice. “HYPOXIA” and 317 

“INFLAMMATORY_RESPONSE” were up-regulated and “MTORC1_SIGNALING” and 318 

“OXIDATIVE_PHOSPHORYLATION” were down-regulated in pre-AML platelets, 319 

compared with control platelets. 320 

 321 
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The average area was slightly increased compared with un-irradiated mice (0.7±0.03 vs. 322 

0.6±0.01 105 nm2, P=0.023) and BMT control mice (0.7±0.03 vs. 0.5±0.04 105 nm2, P=0.011) 323 

(Figure 2B). The number of abnormal mitochondria (ratio of abnormal/normal mitochondria 324 

in one cell) varied among platelets. Roughly 3 4⁄ of platelets that contained abnormal 325 

mitochondria mostly contained only one abnormal mitochondrion, the remaining quarter had 326 

two to seven abnormal mitochondria per platelet (Figure 3B). To better define and distinguish 327 

the morphological difference between normal and abnormal mitochondria, we use the term 328 

“circularity" to describe the roundness of individual mitochondrion. We developed a new 329 

EMAN2 tool to report the circularity of each mitochondrion by measuring perimeter and area 330 

(see Methods). The average circularity of abnormal and normal mitochondria is 0.9681±0.0036 331 

and 0.7288±0.0219, respectively (Figure 3C). It is noteworthy that the shape of abnormal 332 

mitochondria is close to a perfect circle, and is very consistent among all abnormal 333 

mitochondria, while the circularity of normal mitochondria is lower and the deviation is larger 334 

due to its native morphological heterogeneity. 335 

Key to its possible use as a diagnostic, not even a single instance of an abnormal 336 

mitochondria was observed in either un-irradiated mice or mice transplanted with normal bone 337 

marrow cells at the same time point as pre-AML mice (Figure 1). The lack of abnormal 338 

mitochondria in the irradiated control group eliminates the possibility that this was a transitory 339 

effect due to irradiation.  340 

In addition to the morphology of mitochondria, the surrounding features in pre-AML 341 

platelets were also altered. To investigate the changes in the environment surrounding 342 
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mitochondria in an unbiased and uniform way, we isolated a 1 µm2 surrounding each 343 

mitochondrion (Figure S4A). Interestingly, abnormal mitochondria are all surrounded by 344 

single-layer spherical vesicles (Figure S4). Given that the interior of these vesicles have the 345 

same contrast as the cytosol when viewed through a central slice, the vesicles are likely to have 346 

a similar content to cytosol. As a result, these empty vesicles appear as spheres due to uniform 347 

osmosis pressure. These vesicles range from 100 nm to 300 nm in diameter and are often found 348 

in clusters. Like the abnormal mitochondria, these clustered vesicles were found only in pre-349 

AML platelets. Mitochondria provide energy for platelet activation, aggregation, secretion of 350 

procoagulant molecules (ref. 39,40), and also are responsible for aging and the intrinsic 351 

apoptosis that regulates the lifespan of platelets (ref. 41,42). The abnormal mitochondria in the 352 

pre-AML platelets observed in our study could be the sign or consequence of its dysfunction 353 

or abnormal degradation, which would further trigger apoptosis of platelets. Given the 354 

concurrent appearance of empty spherical vesicles, it implies that mitochondria are undergoing 355 

degradation or mitophagy and spherical vesicles are possibly formed by re-conjugation of the 356 

broken membrane fractions due to nonspecific hydrophobic interactions. In specific 357 

tomograms, connections between empty vesicles and mitochondria are captured by chance, 358 

resembling a general vesicle budding process (Figure S4A). These round vesicles show similar 359 

contrast and structural features as OCS in the AML platelets (Figure 1). The observation of 360 

abnormal mitochondria in the pre-AML platelet may indicate a shorter lifespan and potential 361 

apoptosis of platelets, which may become the smaller sized ‘ghost platelets’.  362 

Platelet mitochondria functional change at early stage of AML 363 
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To acquire a better understanding of the mitochondrial changes in pre-AML platelets, we 364 

performed an ATP assay to measure the platelet intercellular ATP level and evaluate how ATP 365 

production is affected by abnormal mitochondria. Platelets from control and pre-AML mice 366 

were extracted, followed by a luciferase-based ATP assay. ATP production in pre-AML 367 

platelets exhibited a large reduction compared with BMT control platelets (Figure 3D). In 368 

addition, we also conducted RNA-seq for platelets collected from BMT control and pre-AML 369 

mice. Consistent with the observed structural alterations, GSEA analysis revealed an 370 

upregulation in inflammatory response and hypoxia as well as a downregulation in genes 371 

involving in oxidative phosphorylation in pre-AML platelets, which is consistent with the 372 

model that the mitochondrial function is impaired in the platelets from pre-AML mice (Figure 373 

3E).  374 

Discussion 375 

Based on cryo-ET imaging, platelets can be classified into three distinct stages based on the 376 

phase of AML development: 1) Healthy platelets from un-irradiated WT mice that have a 377 

normal size (~75.6 105nm2) containing all subcellular features including α granules, dense 378 

granules, gamma granules, mitochondrion, the plasma membrane, microtubules, glycogen 379 

particles, OCS, and TS; 2) pre-AML platelets with a similar size (~73.0 105 nm2) as un-380 

irradiated WT and BMT control platelets but with a fraction of mitochondria (~25%) that have 381 

a round shape and diluted matrix; and 3) AML platelets, in which the majority appear as “ghost 382 

platelets” with signs of apoptosis, are five times smaller than BMT control platelets (~15.6 383 
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105nm2), and only contain glycogen storage and an open canicular system with empty vacuole 384 

vesicles. 385 

It has been known that impaired proliferation or maturation of megakaryocytes (MKs) 386 

in bone marrow is a major cause of abnormal platelets such as thrombocytopenia (ref. 43,44). 387 

The formation of platelet-specific organelles, proteins, membrane systems, and other contents 388 

occurs after and thus is closely related to MK maturation. Therefore, the structural change of 389 

mitochondria found in pre-AML mice in our study could be caused by defects in MK 390 

maturation. Given that the lifespan of platelets in circulation is 5 days in mice (ref. 45,46,47), 391 

virtually all of the platelets in circulation at the time point 1 week after BMT originated from 392 

abnormal MKs. These platelets could represent the changes of MKs and be a marker for pre-393 

AML.  394 

Mitochondria, referred as the “powerhouse of the cell”, play critical roles in various 395 

essential biological processes including proliferation, differentiation, and metabolism (ref. 48). 396 

There have been intensive studies on platelet mitochondria, demonstrating that the 397 

mitochondria impairment is associated with platelet dysfunction and diseases, such as sepsis, 398 

Alzheimer’s disease (AD) and Parkinson’s disease (PD) (ref. 49,50,51). In our study, by taking 399 

advantage of cryo-ET, we are able to detect the ultrastructural alteration of mitochondria in 400 

platelets in pre-AML phase. More importantly, the function of mitochondria was also impaired, 401 

with cellular ATP level decreased by more than 50%. GSEA analysis reveals downregulation 402 

in genes related to mitochondria function such as oxidative phosphorylation. Since the rate of 403 

ATP turnover and oxidative phosphorylation is tightly regulated by mitochondria during 404 
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platelet’s activation to meet the energy demand, the incapability of platelet in AML would be 405 

likely attributed to the dysfunction of mitochondria (ref. 52). In pre-AML, mitochondria with 406 

unfolded inner membranes did not appear different in density than the surrounding cytosol, 407 

suggesting that swelling and dilation of the inner membrane compartment caused matrix 408 

dilution or efflux of matrix components. Taken together, we demonstrate that both the structure 409 

and function of mitochondria exhibit early signs of impairment in the pre-AML phase. 410 

Mitochondrial apoptosis and/or mitophagy may lead to cell shrinkage and shedding of platelet 411 

microparticles (ref. 53,54). We speculate that the abnormal mitochondria that lacks spherical 412 

cristae could be the product of apoptosis or mitophagy and the small empty platelets we found 413 

in fully developed-AML phase are the outcome after platelet apoptosis.   414 

The progressive depletion of normal platelets and accumulation of abnormal platelets 415 

parallels the development of AML from the pre-AML stage without detectable changes in 416 

blood cell counts to frank AML. Our data suggest that the emergence of abnormal mitochondria 417 

and surrounding empty vesicles could be an early sign of AML initiation. These features can 418 

be detected in raw cryo-ET images, but our semi-automatic reconstruction pipeline allows clear 419 

distinction and quantification of different compartments and changes in the mitochondrion 420 

(Figure S4B). However, even without additional developments, Cryo-ET itself can easily 421 

detect mitochondrial changes and the coordinated appearance of empty vesicles. Our 422 

observation of clearly visible changes in a large fraction of platelets at early stages of AML, at 423 

which other diagnostics fail, presents an opportunity for a new class of non-invasive 424 

diagnostics capable of early detection and early treatment of this often-fatal disease. It may 425 
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also be possible to develop more straightforward laboratory tests to detect these abnormalities 426 

and produce a diagnostic inexpensive enough to become routine.  427 

Since the feature of “abnormal mitochondria” appears exclusively in the pre-leukemia 428 

platelet population, it can be used to predict whether a subject has the malignancy status. From 429 

observed data of 72 preleukemic cells, the probability that a pre-leukemic cell exhibits the 430 

abnormal mitochondria phenotype is 23.6%. As a result, by testing 12 cells, we would have a 431 

96% chance of detecting at least one abnormal cell. 432 

It is possible that the observed mitochondrial changes are specific to this AML model 433 

system or to a subset of AML cases. Recapitulating these results during AML development in 434 

humans will be difficult, as we have no strategy to identify pre-AML patients, due to a lack of 435 

other diagnostics. With the relatively low prevalence of AML in the population, identifying 436 

candidates would require a prohibitively large study. While mice are appropriate models to 437 

study human platelets given their overall similarities, human and mice platelets do exhibit 438 

morphological differences, and mice platelets are smaller and more numerous and display 439 

much greater granule heterogeneity than human platelets (ref 55,56). Future work is needed to 440 

establish whether AML patients exhibit similar changes as presented here with the mice model.  441 

 442 
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